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FOREWORD 


The Surface-To-Air Missile Series is part 
of a group of handbooks covering the engineer- 
ing principles and fundamental data needed in 
the development of ordnance equipment, which 
(as a group) constitutes the Ordnance Engi- 
neering Design Handbook Series. 


The Surface-To-Air Missile Series is initially 
comprised of seven numbered Parts, each of 
which is published as a separate volume and 
assigned an Ordnance Pamphlet (ORDP) num- 
ber. These designations, together with arrange- 
ment into Chapters and Chapter titles, are as 
follows: 


ORDP 20-291 PART ONE — System 

Integration 

Chapter 1 — Introduction 

Chapter 2 — Operations Research 

Chapter 3 — Systems Engineering 

Chapter 4 — Systems Test and 
Evaluation 


Chapter 5 — Logistics and Support 


ORDP 20-292 PART TWO — Weapon Control 
Chapter 6 — Fire Direction and 
Coordination 
Chapter 7 — Guidance and Control 


ORDP 20-293 PART THREE — Computers 
Chapter 8 — Computers 


ORDP 20-294(S) PART FOUR — Missile 
Armament (U) 
Chapter 9 — Warheads 
Chapter 10 — Fuzes 


ORDP 20-295(S) PART FIVE — 
Countermeasures (U) 
Chapter 11 — Electronic Countermeasures 


ORDP 20-296 PART SIX — Structures and 
Power Sources 

Chapter 12 — Power Sources 

Chapter 13 — Launchers 

Chapter 14 — Airframes 

Chapter 15 — Propulsion 





ORDP 20-297(S-RD) PARTSEVEN — 
Sample Problem (U) 


Chapter 16 — Sample Problem 


The seven parts comprising the Surface-To- 
Air Missile Series codify the interacting ele- 
ments which must be considered in defining 
an air defense problem and proceeding to a 
preliminary SAM system design concept. 
Because of the breadth involved and the phase 
of development covered, this series of hand- 
books does not contain the data required to 
design any component of the weapon system. 
Rather, the subjects are covered in a manner 
intended primarily to assist the systems 
engineer in recognizing and integrating the 
design parameters of a total SAM system. 
Additionally, it is hoped that the handbooks 
will: aid Ordnance engineers in drafting missile 
system requirements and evaluating resultant 
proposals, assist an expert in one field desirous 
of knowing the relation of his work to othe! 
component fields in the total missile system 
concept, and acquaint the new engineer with 
missile system development and associated 
problems. Extensive reference lists augmen’ 
the text for those who wish to investigate 
derivations, proofs and design detail. 

Arrangement for publication of the hand. 
books comprising the Surface-To-Air Muissik 
Series was made under the direction of the 
Ordnance Engineering Handbook Office, Duk 
University, under contract to the Ordnane 
Corps, U.S. Army. The copy was prepared bj 
the General Electric Company,* Light Militar 
Electronics Department, Utica, New York 
under subcontract to the Ordnance Engineer. 
ing Handbook Office. 

Comments on, and requests for copies of thi 
handbook should be addressed to: Ordnane 
Engineering Handbook Office, Ordnance Liaisa 
Group, Box CM, Duke Station, Durham, N.C 




































































*H. P. Frankenfield — Project Manager; 
H. Edward Niebuhr — Editor 












PREFACE 


Part Two of the Surface-To-Air Missile Series contains Chapters 6 and 7. The subjects 
covered deal with the detection and evaluation of an enemy threat and the provision of data 
required to assign and guide the SAM to the threat so that a kill can be effected. 


Chapter 6, “Fire Direction And Coordination’, is primarily concerned with the following 
SAM system functions: search and detection, identification and evaluation, weapon assignment, 
acquisition, tracking, and engagement. The material included is intended to facilitate parametric 
studies related to these functions and enable the systems engineer to select appropriate modes 
of operation for their implementation. To avoid duplication, radar is emphasized here and infra- 
red is covered in Chapter 7. 

Chapter 7, “Guidance And Control’, deals with the nervous system of the missile, that is, 
those functions which insure that the missile is brought to the required proximity and attitude 
to fulfill its mission. Included are discussions of available schemes for obtaining guidance 
information and controlling missile motion. 
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CHAPTER 6 
FIRE DIRECTION AND COORDINATION 


6-1 INTRODUCTION 


6-1.1 PURPOSE OF CHAPTER 


This chapter is intended to present the 
general design considerations encountered in 
the system design of the fire direction and co- 
ordination portion of a surface-to-air missile 
system. Obviously the specific treatment of any 
single system is beyond the scope and space 
limitation of this chapter, but the reader should 
bear in mind that documentation supporting 
such systems as the NIKE-AJAX, NIKE-HER- 
CULES, HAWK and REDEYE include many 
fine references illustrating specific design ap- 
proaches. These references are recommended to 
the reader for both their approach to the com- 
plete SAM problem and also their specific sub- 
system design solutions. It is the purpose of this 
chapter to furnish the tools for the initial 
system design and evaluation of future SAM 
systems. 


Subsystem and component design approaches 
is far too large a subject for this chapter; 
however, the use of such publications as the 
MIT Radiation Lab Series (published by the 
McGraw-Hill Book Co., 1947) are strongly 
recommended and, as this chapter progresses, 
references are listed for each major topic to 
enable interested readers to investigate solu- 
tions with minimum literature searching. 


It will be noted that the emphasis here is on 
radar whereas Chapter 7 covers infrared as 
related to the SAM system. This is only one 
example of how these two chapters augment 
each other, indicating that the reader should 
be familiar with the contents of both in order 
to obtain a more complete picture of the detec- 
tion-tracking-guidance problem. 


Computers, countermeasures, and fuzes as 
related to the fire direction and coordination 
problem are also discussed in other chapters of 
this handbook. 


6-1.2 FUNDAMENTAL PROBLEM 


The primary problem in any missile weapon 
system is the detection, location and identifica- 
tion of the target to be destroyed. 


After locating the target to be destroyed, 
the next problem is an evaluation of the target 
to be engaged to determine when the target 
will be within the effective range of the SAM 
and, if possible, that the target does represent 
a threat to the area being defended. 


In the case of multiple enemy targets and 
multiple SAM systems, the problem of target 
evaluation also leads to the problem of weapon 
assignment since it becomes tactically desirable 
to eliminate all of the hostile targets by effici- 
ently utilizing the firepower of other adjacent 
SAM systems. 


At this point, the problem becomes one of 
determining the threat’s position with accuracy 
and guiding the SAM to the threat and deton- 
ating a warhead at the proper time to destroy 
the threat. 


The last major problem to be encountered 
in Fire Direction and Coordination is the com- 
munications between adjacent ground systems 
to coordinate the engagement of targets and 
also to communicate with early warning nets 
on future target assignments and battle engage- 
ment progress. 


The major problems are then: search and 
detection ; identification and evaluation ; weapon 
assignment; acquisition, tracking and engage- 
ment; and intercommunications. These prob- 
lems will be analyzed and discussed individu- 
ally and the general approach towards their 
solution will be developed. 


6-1.3 SEARCH AND DETECTION 


The type of device selected to perform the 
search and detection function required in the 
SAM system can be an application of optics, 
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radar, infrared, or acoustics depending on the 
performance requirements required for the 
system. 


Normally radar is selected when the weapon 
system is required to be capable of all weather 
operation, long range detection and day and 
night operation. For the purpose of this 
chapter, radar is selected as the means of detec- 
tion but the use of infrared and optics in future 
system design should not be ignored because 
where their application will satisfy the system 
requirement, excellent performance with little 
system complexity will result. 


An explicit example of an IR application is 
the modern REDEYE surface-to-air missile be- 
ing developed to defend against low flying air- 
craft. The missile is small enough to fire from 
the shoulder and the entire means of detection 
and guidance is a small IR seeker located inside 
the missile. The weapon is pointed at a threat 
and when the seeker acquires, the missile is 
fired and guided by the IR seeker to impact. 
Thus, radar is not necessarily the answer to all 
detection problems since weapon size, weight, 
complexity and accuracy requirements may 
dictate other types of detection devices. 


The first consideration in the design of a 
detection radar is, quite naturally, what type 
or types of targets are considered to be the 
threat. The threat must be defined before any 
considerations of a search radar can proceed. 
The target size, altitude, velocity and low 
altitude capability must be established to 
define the design requirements of the detection 
radar. As an illustration, a SAM system is to 
be designed to protect specific ground installa- 
tions from enemy attack by high flying aircraft 
having the following characteristics: 


target velocity V_ ft/sec 

flying altitude HA ft 

bomb release line #&,, (slant range ahead of 
ground target) 

target size A, yds? 


The target will be intercepted and destroyed 
at position (1) by the SAM. The minimum 
slant range at intercept must be equal to the 
slant range FR, to destroy the threat before 
the bombs are released. To do this, the aircraft 
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(2) 
tt 


H 


Figure 6-1. Intercept Geometry for 
Sample SAM Mission 


must be detected at point 2 and the distance 
1-2 is equal to Vr(Try + Tr) 
Where V; = target velocity 
Try = time of flight of defensive 
missile 
Tr = reaction time (time from target 
detection to SAM launch) 


Therefore the minimum radar detection range 
(Rp) of the proposed system is: 


% 
Rp = [Re + V7(Try + T,)| + H? | 





(6-1) 
(for single interception only) 


From the discussion above, the detection 
radar designer has been forced to be concerned 
with the definition of the threat and two system 
considerations, 77, and 7. In the initial sys- 
tem design, it is important to keep the distance 
Vy (Try + Tr) at a minimum in order to keep 
the radiating power requirements and therefore 
the physical size of the search radar reasonable. 


From the example of the threat, a radar 
detection scheme could be designed with an 
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antenna, transmitter, receiver and presentation 
system compatible for the job. If other threats 
are added to the detection system requiring 
detection of aircraft at lower altitudes a 
required detection curve resembling Figure 6-2 
can be constructed. In the final analysis of the 
detection curves, the higher velocity targets at 
high altitudes dictate the maximum detection 
problems since, for the bombing aircraft, the 
bomb release line (R,) increases with the air- 
craft flying altitude. 


Additional design requirements that the 
detection designer must consider prior to the 
radar design is the problem of ground clutter 
on low flying targets and the effect of the 
earth’s curvature on detecting low altitude 
targets as shown in Figure 6-2. 


A set of requirements as furnished to the 
detection design should include: 


(a) 


description of threat with velocity range 
and altitude range 


(b) 
(c) the output data requirements such as 


azimuth and range or azimuth, elevation 
and range and the accuracy required 


size and weight limitation 


(d) total system reaction time 
(e) time of flight versus range of target 
(f) countermeasures to be expected 


From this the designer must optimize to 
obtain the most volume coverage and detection 
range for the least amount of power and weight 
with the required accuracy. 


6-1.4 IDENTIFICATION AND EVALUATION 


A very real part of detection is the problem 
of determining what has been detected. To a 
ground radar, a reflector has been detected. 
By the use of MTI (Moving Target Indicator) 
schemes and Doppler techniques, it can be 
determined that the detected reflector is moving 
but still the fact that the detected target 
is friendly or hostile requires Identification, 
Friend or Foe (IFF) techniques. Several IFF 
techniques have been employed in operational 
fire control and SAM systems to date. Briefly 
some of these are: 

(a) Air Corridor — designated flight lanes 

known to both friendly aircraft and 
detection radars. 


(b) Electronic Interrogation and Reply 
Systems 


(1) radio voice link 


(2) microwave coded interrogation and 
coded reply presented on the radar visual 
indicators near the detected targets 


(3) visual identification from airborne 
interceptors and ground installations 


The IFF problem is necessarily of a magni- 
tude larger than the design of any particular 
SAM weapon system since all ground defensive 
installations ; commercial aircraft; Army, Navy 
and Air Force and NATO aircraft must be 
integrated and use common systems and tech- 
niques. In addition, the security of any one 
system must be beyond enemy comprehension 
or must be flexible and provide for continuous 
changes in order to maintain security. 


The system engineer will usually have access 
to the existing IFF equipment design informa- 
tion which must be considered in the design 
of his fire control system. Applicable literature 
on current systems is available in the Air Force 
and Army libraries. 


After identifying a detected target as a foe, 
the problem is to evaluate his position and flight 
path to determine when the target will be 
within the effective missile range of the system 
and if the hostile target represents a threat 
to the area being defended by the SAM system. 
In the case of multiple targets, the evaluation 
should include which target must be engaged 
first and how many others can be destroyed 
before they can accomplish their particular 
mission. It is important to remember at this 
point the reaction time (7) since the time 
consumed while performing target IFF and 
evaluation becomes a part of the total reaction 
time which will increase the required detection 
radar range and necessarily the size and weight 
of the radar. 


6-1.5 WEAPON ASSIGNMENT AND 
INTERCOMMUNICATIONS 
The general requirement for weapon assign- 
ment is usually generated as a means to maxi- 
mize the kill capability of a group of SAM 
systems against a multiple target attack. 
Since any one SAM system can be saturated 
with targets and it is very possible for two or 
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more adjacent systems to engage the same 
target and permit a succeeding threat to go 
unchallenged, a fire coordination and weapon 
assignment system is most desirable. The 
advantages of a system with weapon assign- 
ment are: 


(a) long range search and tracking informa- 
tion is provided to the SAM systems 


(b) IFF information is available to local 
SAM systems including friendly aircraft 
activity 


(c) target designation is provided from an 
Overall area defense standpoint to each 
individual SAM system 


(d) target engagement status is obtained 
from local SAM systems so that any 
hostile targets that slip through may be 
designated to another SAM system 


The system engineering problem in weapon 
assignment becomes one of establishing a co- 
ordination philosophy. The equipment required 
to implement the problem requires no inven- 
tions but does require a vast quantity of com- 
plex computing, transmitting, receiving and 
display equipment. 


Rather than try to illustrate the equipment 
design problems involved in this subject, the 
readers are urged to review the current 
AN/MSG-4 anti-aircraft defense system which 
was designed to coordinate the NIKE-HERCU- 
LES, NIKE-AJAX and HAWK SAM systems 
over a widely dispersed area into a uniform de- 
fensive force for engaging hostile aircraft. It 
has been designed to be a self-contained, mobile 
system capable of coordinating the anti-aircraft 
defenses of an air space of 100,000 square miles. 
The system is a typical implementation of a 
weapon assignment and intercommunications 
system concept. 


6-1.6 ACQUISITION, TRACKING 
AND ENGAGEMENT 
The last consideration in the design of a fire 
direction and coordination subsystem of a SAM 
system is the acquisition, tracking and engage- 
ment phases. These terms are defined as: 


acquisition — the actual transfer of a detected 
target from the search radar to 
the tracking radar 


tracking —the condition where a target is 
being watched by radar at a high 
data rate (continuous or sampled) 
for obtaining target position in- 
formation which can be used to 
calculate launch orders for the 
SAM guidance 


engagement — the period from SAM launch 
to target intercept (burst) 


Several types of systems will be considered 
and the requirements on the ground system 
will be listed. 


6-1.6.1 Command Guidance 

The necessary minimum ground equipment 
required to implement a command guidance 
approach are: 

(a) detection (acquisition) radar 

(b) target tracking radar 

(c) missile tracking radar 

(d) computer 

(e) launcher 

The detection radar detects the threat and 
transfers the target to the target tracking 
radar. The target tracking radar determines 
the target position coordinates and transfers 
them to the computer. The missile tracking 
radar acquires the SAM on the launcher and 
tracks the missile through its flight path to 
the target and transmits necessary commands 
to the missile in order to intercept the target. 
In addition, it may transmit the burst command 
to the missile. 

The computer, from the continuous position 
information received from the tracking radars, 
computes the intercept point, launch orders, 
and the necessary missile steering orders that 
the missile tracking radar must transmit to the 
missile in order to fly an intercept course. 


6-1.6.2 Beam Rider 


The essential elements of equipment in a 
beam rider SAM system are: 


(a) detection radar 
(b) tracking radar 
(c) capture radar 
(d) computer 
(e) launcher 
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The detection radar transfers the target to 
the tracking radar and the SAM flies along the 
tracking radar beam to intercept the target. 
In order to initially get the launched SAM 
in the tracking radar beam, a capture radar 
(or Mode) is usually used to track the launched 
missile and guide it over to the tracking radar 
beam. The computer in this case is a much 
simpler device and is principally used _ to 
calculate the necessary launcher coordinates, 
and is also used when a capture radar is used 
to guide the capture beam to the target track- 
ing radar beam. 


6-1.6.3 Active Homing 

In the active homing guidance type SAM 
system, the essential system elements are: 

(a) detection radar 

(b) tracking radar* 

(c) homing airborne guidance 

(d) computer 

(e) launcher 

The detection radar locates the target and 
from the target position data, the computer 
calculates the missile launch coordinates and 
initial steering orders. In this case, the airborne 
guidance in the missile is a smal] radar. After 
the missile is launched it must search, acquire 
and track the intended target and compute the 
necessary steering orders necessary to intercept 
the target. The missile path is initially deter- 
mined by the pre-launch computer orders until 
it acquires the target. 


6-1.6.4 Semi-Active Homing 


In the semi-active guidance type SAM sys- 
tem the necessary ground equipment require- 
ments are: 

(a) detection radar 

(b) tracking and illumination radar 

(c) computer 

(d) launcher 

The ground tracking radar must provide 
two functions: 


(a) obtain target position to calculate initial 
launch orders. 


*The detection radar may have to be supplemented by 
a target tracking radar depending on the data rate 
and accuracy of data from the detection radar. 
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(b) track and illuminate the threat unt. 
intercept. 


After the SAM is launched, its guidanc 
system, which is primarily a receiver, searche 
for energy that is being transmitted by th 
tracking radar and reflected off the target. Th: 
missile seeker acquires this reflected signal anc 
computes the necessary course to fly to inter. 
cept the target. 


6-1.6.5 Passive Homing 

In a passive homing guidance type SAM 
system, the target becomes the source of 
energy used for guidance. The energy must be 
sound, light, heat or radio frequency waves. 
After detecting a target and launching a SAM, 
the SAM seeker homes on the target which is 
radiating energy. The essential system elements 
in this type of guidance scheme are: 

(a) detection radar 

(b) computer 

(c) airborne seeker guidance 

(d) launcher 

Some of these types of systems require more 
ground equipment while other guidance schemes 
require more airborne equipment. The real 
purpose of this introduction into types of SAM 
systems is to illustrate some of the functions 
which are required of the ground equipment in 
each type system so that the material intro- 
duced in the radar range equation in paragraph 
6-2, the search radar evaluation in paragraph 
6-4, and the tracking radar evaluation in para- 
graph 6-5 can be modified to fit the type of 
system being considered. 


6-2 RADAR RANGE EQUATION 


6-2.1 GENERAL 


The analysis of radar performance is gen- 
erally statistical in nature. The transmitted and 
received signal is most always competing with 
jamming and/or noise power. In addition, the 
size of the target as seen by the radar often 
fluctuates over a large range of values in a 
random fashion. 


The radar range equation is an attempt to cal- 
culate the expected signal strength that can be 
expected from a certain target under specific 
conditions. The designer should be aware that 





ox inal 


there will be variations in the various param- 
eters and that the process of correlating the 
statistical effects of jamming, noise, and signal 
level are more applicable to the subject of de- 
tection. The intent of this section is to provide 
aid in calculating the signal level from the tar- 
get. 


P, transmitted power 


G, transmitter antenna gain, relative to 
an isotropic radiator, at azimuth 0, and 
elevation ® 


R range to target 


A. effective target area (typical values 
chosen are the peak, mean, median, 
minimum; except for simple shapes 
the values will all be different) 


A, effective receiving aperature at 0 and 
® 
P, received signal power 
5 system losses including components 
and atmospheric effects 
P,-G,:A.:A ae : 
P, = —_—_+_—*— round trip equation 
8 (40 R2)? ai, 
(6-2) 
P, + G, (0, ®) A, 
P, = ———__——“ beacon (one wa 
8:42 R- mn Monew ay) 


(6-3) 


If P; is the peak power, the P, is peak; if P, 
iS average power, then P, is average power. 

The total noise against which the signal P, 
must compete is given by 


N,=KT,B (6-4) 


where 


K = Boltzmann’s constant. 4.01(10)—?! 
watts/cycle°K 


T, = System Noise Temperature, commonly 
given as NFT., where NF is the receiver 
noise figure and 7, is 290°K. Recent ad- 
vances in receiver techniques lead the 
designer to consider other noise sources 
such as the ground, sky, antenna and 
duplexer. The effect of all these must all 
be included in T,. 


B =the receiver bandwidth (for pulse sys- 


tems B =~ os) 
Pulse Length 


The combination of equations 6-2 and 6-4, 
and 6-3 and 6-4 gives signal-to-noise ratios. 


P, G, A, A, ° 
S/N =—~1G:4e4r _ yound trip (6-5 
(N= Fan Rt KTB TGP (69) 
SNe ue, beacon (6-6) 
842K? KTB 


In equations 6-2 and 6-5, A, is related 
to G, by 





(6-7) 


For the case where a common antenna is 
used for transmit and receive and T, is given 
by NFT,, then 


242 
S/N = Pr AG ___ (round trip) 
(4n)3 NF KT,B5 R* 
(6-8) 
For unity signal-to-noise ratios 
24: % 
po P, A, G*i? (6-9) 


~ (4x)? NF RT,BS5 


6-2.2 RADAR RANGE COMPUTATIONS 


To provide a rapid and convenient means for 
computing the performance of a radar system, 
the radar equation can be rewritten in terms 
of db values above certain reference levels. The 
reference levels are chosen to be R, (which is 
set equal to 1.0 meter) for the terms involving 
distance, length and area; and 1.0 watt for the 
power terms. Thus, radar equation 6-9 becomes: 


Beant ers 
lar Eats] 


Taking the logarithm of both sides and mul- 
tiplying through by 10, equation 6-10 becomes: 











10 log Ré = 20 log G + 10 log P, + 20 log—— 
pie 


+ 10 log 








A 1 
: 10 log == + 101 
+ 10 log NE + 10 log 


4nx KT,B 


410 log | (6-11) 
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For convenience and future reference, the 
terms of the right hand side of equation 6-11 


dbyr = 10 log = (not plotted — obtain by 





have been individually plotted and designated measurement only ) 
as follows: 
db,,,, = generally given in terms of db; see db, = 10log KTB (Figure 6-6) 
antennas (paragraph 6-3.1) 
db, = 10 log P, (Figure 6-3) db, = round trip db losses 


db, —20log — (Figure 6-4) 
IU 


db. 


dbp (db ABOVE 1.0 WATT ) 
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= 10 log 


A 
4nx 





To accomplish the range computation, the al 
gebraic sum of these individual db values neex 


¢ (Figure 6-5) only be determined and the corresponding rang: 


obtained from Figure 6-7. 





XMITTER PWR. (KW) 


Figure 6-3. Transmitter Power Above 1.0 Watt 





10, 000 


FREQ (MC) 


Figure 6-4. Wavelength Factor 


For clarity, the method of computation and 
use of the curves that follow will be illustrated 
using a fictitious radar system XYZ whose sys- 
tem constants are given below: 


antenna gain: 


azimuth beam width: 


frequency: 


transmitter power: 


40.2 db one way 


0.9°; elevation beam 
width — 2.17° 


2800 mc 
800 kw peak 


pulse length: 2.0 usec 
receiver noise figure —12db 
(including duplexer) : 

receiver [F* 1.3 me 
bandwidth: 


losses: (roundtrip) 1.0db 


*Note that bandwidth must be wide enough to pass the 


pulse length. 
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(db) 


A, --EFFECTIVE TGT AREA (SQ METERS) 


Figure 6-5. Target Area Function 


Problem: To find the db S/N range on a typi- 


cal aircraft whose mean area is 4.7 m? 
result will be mean range.) 


antenna gain (two way) :2 x 40.2 db 
transmitter power : 800 kw 
frequency : 2800 mc 

target size: 4.7 m? 

receiver noise figure: —12 db 
receiver IF bandwidth: 1.3 mc 

(pulse length = 2.0 usec.) 

Losses : 1.0 db 


totals 
net db R 


(The 


slant range (Figure 6-7) = 238 statute miles 
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Dane 
db, 
db 
db. 
dby- 
db, 


db; 


223.6 


(#1) = 
(442) — —41.4 
(#3) —— 43 
— —12.0 
(#4) = 
ere 





+ 80.4 
+ 59.0 


+142.9 


—58.7db +282.3 db 
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Figure 6-6. Receiver Gain Factor 
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SLANT RANGE (Mi) 
Figure 6-7. Slant Range as a Function of Total System 
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6-2.3 EFFECTIVE TARGET AREA 


The effective target area factor (A,) is prob- 
ably the most difficult parameter of all to spec- 
ify definitely and conclusively. Its evaluation 
for reflecting surfaces other than extremely 
elementary ones (such as spheres, flat plates, 
corner reflectors, etc.) is virtually impossible 
to compute, and this is especially true for the 
case of multicurved surfaces such as usually 
encountered in aircraft targets. Consequently, 
direct radar measurements obtained for radar 
systems whose parameters are known must be 
used; even so, such measurements often result 
in controversy and must be interpreted with 
caution. 

Many radar designers have preferred to use 
flight test data obtained under scanning condi- 
tions in an attempt to arrive at mean values of 
effective target areas for various aircraft. To 
do this, the flight test range data is observed; 
the maximum reliable range of the system is 
judged; and the effective target area is com- 
puted from that range value. This maximum 
reliable range is by no means the maximum 
range observed on the system, nor is it a value 
which falls into the region of solid coverage. 
Rather, it is an in-between value selected in the 
vicinity of the range at which target “shows” 
on approximately 50 percent of the scans are 
received. This method has been applied to many 
systems to establish values of effective target 
areas for fighter and bomber aircraft. Typical 
values for World War II aircraft are 1.2 and 
4.7 square meters for fighters and bombers re- 
spectively. 


6-3 RADAR COMPONENTS AND 
TECHNIQUES 


6-3.1 ANTENNAS 


6-3.1.1 General 


The basic purpose of a radar antenna is to 
concentrate the transmitted energy into a solid 
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angle of some arbitrarily shaped cross-section 
and in some cases to provide a particular power 
distribution inside this angular region. Within 
the limitations imposed by the particular appli- 
cation and by the laws of nature, the antenna 
designer must strive to obtain the best compro- 
mise between the many conflicting require- 
ments. 


In the past, radar antennas were fundamen- 
tally designed as either search or track anten- 
nas. Recently there has been some degree of 
functional overlap. The track antenna may pro- 
vide a limited search function and the search 
antenna may provide rough tracking in one or 
both planes during initial track acquisition, or 
one antenna system may provide first a search 
and later a track function. For the future, fer- 
rites and other devices promise track-while 
search capabilities with electronic beam steer- 
ing permitting many targets to be tracked on 
a time-shared basis. 


To date, solutions to the many antenna appli- 
cations have been imaginative and varied. No 
attempt will be made here to describe these 
various configurations, since for the most part, 
they represent specific solutions to specific prob- 
lems. References have been included which de 
scribe many of these antennas in some detail. 
A few systems not widely described due to their 
recent application are mentioned. If feasible, 
references are given and design information 
included. For the most part however, the infor- 
mation contained in this section is as practical ' 
and general as possible. 


6-3.1.2 Generai Antenna Engineering Data 


In view of the great number of possible micro- 
wave antenna configurations (involving para- 
bolic, hyperbolic, spherical, plane and specially 
shaped reflectors as well as metallic lenses, di- 
electric lenses, arrays, dipoles, horns and dielec- 
tric radiators), determination of the complete 








performance of all except the simplest design 
requires a good deal of special calculation and 
experiment. References 1, 2, 3, and 4, discuss 
most of these various components in some detail 
and indicate the procedure for calculating the 
far-field diffraction pattern from an arbitrary 
aperture distribution. In the practical case, it 
is often difficult to obtain an accurate expres- 
sion for the aperture field distribution which 
can be easily hand-integrated. In such cases, 
numerical integration by a digital computer is 
imdicated. A comprehensive treatment of this 
procedure is given by reference 5. 


Many of the antenna configurations required 
for radar applications produce a pencil beam 
from a plane-phased aperture distribution. Be- 
cause of the relation which exists between the 
far-field patterns and the secondary aperture 
distribution, certain important parameters can 
be specified without regard to the specific con- 
figuration. Since horn-fed reflector systems are 
still the most popular type of radar antenna, 
design data are presented with this in mind. 
Correction factors for other configurations are 
indicated where applicable. 


RELATION BETWEEN BEAMWIDTH AND SIDELOBES 


In general, tapering the illumination of a uni- 
formly phased aperture from a maximum in the 
center to a low value at the edges will broaden 
the beamwidth and reduce the sidelobe ampli- 
tude. The degree to which the sidelobes are re- 
duced however, depends to a large extent on the 
shape of the amplitude distribution as well as 
the value of the edges. This is demonstrated by 
Figure 6-8, which shows the spread in first side- 
lobe values normally experienced with different 
types of feeds and parabolas of different focal 
length to diameter ratios. Phase errors and 
aperture blocking tend to raise the sidelobes 


above the values shown and these are taken into 
account in later figures. 


The beamwidth for a given aperture is simi- 
larly dependent on the shape of the amplitude 
distribution. Without knowing the exact ampli- 
tude function, the value of edge taper is of 
limited aid in determining the beamwidth. 

There is, however, a practical relationship 
between the beamwidth and sidelobe levels in- 
dicated by Figure 6-9. The curve labeled “NO 
BLOCKING” was derived by numerous calcula- 
tions of practical aperture distributions. A large 
number of experimental check points have 
shown excellent agreement. 


The effect of aperture blocking due to pri- 
mary feeds, waveguide runs, support struts, 
etc., has been calculated in the usual manner, 
by considering an out-of-phase field at the cen- 
ter of the aperture. A shadow area of 2 percent 
and 4 percent of the total aperture is indicated 
by the dashed lines. While these curves have 
not had the experimental verification of the 
solid curve, they are, nonetheless, believed to be 
indicative of the degradation due to aperture 
blocking. 


Besides giving a practical relation between 
beamwidth and sidelobe level for an arbitrary 
aperture size, Figure 6-9 provides a means for 
determining the penalty for lowering the side- 
lobe level without increasing the beamwidth. 
For example, determine the increase in aperture 
diameter necessary to permit obtaining a —25 
db first sidelobe instead of a —20 db sidelobe. 
Assuming 2 percent aperture blocking in both 
TT 
66 
D, = 1.17D,, an increase of 17 percent. If phase 
errors are present, an even larger diameter is 
required, as explained in a later paragraph. 


cases, the required diameter becomes D. = 
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Figure 6-8. Taper Versus Sidelobe Level — Parabolic Reflector 
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Figure 6-9. Aperture Beamwidth Constant Versus Sidelobe Level (No Phase Errors) 
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ANTENNA GAIN 


The gain of a constant-phase aperture has a 
theoretical maximum when the field intensity 
over the aperture is uniform. This is given by 


4nA 
A2 

where A is the aperture area and Aj, the wave- 
length. In practice however, the gain is gen- 
erally 1.5 to 2 db below this value even if the 
antenna is designed for maximum gain. If the 
design emphasis is on low sidelobe levels, the re- 
sult is an increase in beamwidth, spreading 
most of the energy over a larger solid angle. 
In such a case, the gain may be as much as 6 db 
below the theoretical maximum. This ratio of 
actual gain to maximum gain is sometimes re- 
ferred to as antenna efficiency. 

Several factors serve to determine antenna 
efficiency. Not all of the power radiated by the 
feed is intercepted by the reflector; that portion 
which escapes is commonly termed spillover. 
In a properly designed antenna, spillover loss 
usually amounts to about 1 db or less. A second 
factor is the shape of the aperture amplitude 
distribution. This determines its efficiency in 
concentrating the available energy into a nar- 
row beam. Those distributions which result in 
lower sidelobes also tend to have lower efficien- 
cies. In a design for maximum gain, aperture 
efficiency may be 90 percent corresponding to 
14 db reduction in gain. A distribution which 
provides very low sidelobes may have an aper- 
ture efficiency of only 30 or 40 percent resulting 
in 4 or 5 db gain reduction. A third factor in- 
cluded in the definition and measurement of 
gain is the ohmic loss in the reflecting surfaces 
and the attenuation in the primary feed, includ- 
ing transmission line back to the point of gain 
measurement. One might also lump in the loss 
due to r-f leakage through a perforated or 
slatted reflecting surface. This combined loss 
is normally no more than a few tenths of a db. 
The last factor in a practical antenna, which 
reduces the gain, is deviations from a plane- 
phase front in the aperture. These phase errors 
also affect sidelobe level and are of sufficient 
importance to be treated separately in a follow- 
ing paragraph. 

Without benefit of knowing the contributions 
from each of the above loss factors, a fairly 





G= (6-12) 


6-16 





reliable gain estimate can be made on the basi 
of the 3 db beamwidths in the two princi pa 
planes, vertical (96,) and horizontal (@z). 

A reduction in gain caused by reduced aper 
ture efficiency or smaller aperture size is re 
flected by an increase in beamwidth. Spillove: 
power and ohmic losses, on the other hand, rep 
resent a fractional loss in gain which is inde 
pendent of the other factors. For average pencl. 
beams (less than 10° beamwidth) produced by 
circular apertures, the gain can be estimated by 


27000 
Or8n 


For cosecant-squared antennas, the gain is 
about 114 db less than the indicated value due 
to the gradual falloff of gain in the elevation 
plane. The gain of a two dimensional broadside 
array (excluding corporate structure losses) is 
about 114 db greater than the value calculated 


db gain — 10 log (6-13 ) 


from the above relation. This results from elim- 


ination of spillover loss and also from arraying 
elements of high end-fire directivity. 


As a result of lower spillover loss and space 
attenuation, the gain of a parabolic cylinder fed 
by a line source is about 14 db higher than the 
indicated value. This figure, however, neglects 
loss in the line source feed and the net gain, 
including this loss, is usually comparable to 
the gain calculated for the circular aperture. 


EFFECT OF PHASE ERRORS ON GAIN AND 
SIDELOBES 


Figure 6-10 shows the loss of gain due to 
phase errors. Curves A, C, and D were plotted 
on the basis of information contained in refer- 
ences 6 and 7. 


The correlation interval, c, refers to the dis- 
tance, on the average, for which random type 
contour errors become essentially independent. 
In the case of a two-dimensional] array of many 
elements with independent phase errors, the 
correlation interval equals the element spacing 
(approximately) and the abscissa scale is dou- 
bled since the reflector error affects the phase 
front both before and after reflection. There 
exists an upper limit to the maximum gain 
which can be realized by increasing the aperture 
dimensions. This limit is set by the rms devia- 
tion of the reflector contour. Due to the temper- 
ature expansion of metal, dimensional changes 
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Figure 6-10. Antenna Gain Loss Due to Phase Errors 
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might be on the order of one part in ten thou- 
sand. This would limit the maximum gain of a 
paraboloid to about 70 db (references 1 and 6). 

If the reflector errors are not random in 
nature but have some unusual distribution, the 
maximum possible loss in gain can be found 
from Figure 6-10 by curve B. 

A warp in the reflector of the form ar’, 
(0 =7r=1) has the effect shown by curves E 
and F. An equivalent error also results from 
displacing the phase center of the feed axially 
from the focal point of the reflector or from 
taking antenna patterns with a spherical inci- 
dent wavefront. The usual far-field condition 
of 2D?/\ for example, corresponds to an aper- 
ture phase error of 1/16 A at the edge or an 
equivalent quadratic reflector error of 1/32 i. 
From curves E and F it can be seen that the gain 
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will be reduced from the true (plane wavefront) 
value by less than 0.1 db. Although not shown, 
the first sidelobe is more sensitive an indicator 
of phase error than the gain and a —20 db first 
sidelobe would increase to nearly —19 db for 
this amount of phase error. Since the feed is 
adjusted for “best patterns” on the range, in 
the course of adjustment it would be defocused 
slightly to compensate for the finite range dis- 
tance and yield a measured value of —20 db. 
The actual] sidelobe level with an incident plane 
wave would then be closer to —19 db. For very 
low sidelobe antennas, the effect is even more 
pronounced and a range requirement of 3D?/A 
or 4D"/i is sometimes more desirable. 

Figure 6-11 indicates the average sidelobe 
increase resulting from random reflector con- 
tour errors. If the beamwidth is different in the 
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Figure 6-11. Average Effect of Random Phase Error on Sidelobe Level 


6-18 





7O principal planes the average should be used 

the calculation. The difficulty in obtaining 
‘ry low sidelobes is obvious. The no-error side- 
be refers to the value previously chosen in 
igure 6-9, and includes the effects of any aper- 
ire blocking which may be present. 


ARTIALLY OPEN REFLECTORS 


In general, the reflecting surfaces of large 
ntennas are made of perforated sheets, grat- 
ngs or mesh to reduce wind loading and weight. 
‘he feasibility of a partially open reflector is 
letermined by the required contour accuracy 
ind type of fabrication best suited for the par- 
sicular application. 

Gratings (including flatwise strips, edgewise 
strips and round bars) provide a polarized re- 
flecting surface. The element spacing is limited 
to A/1 + sin © (where 9 is the angle between 
the incident ray and the grating normal) if 
undesirable grating lobes are to be prevented. 

Symmetrically perforated sheets, screens and 
mesh are used to provide a non-polarized reflect- 


H-PLANE 








ANGLE MEASURED FROM AXIS OF BEAM (DEG) 





ing surface. These materials are also better 
suited for some methods of antenna construc- 
tion. 


Data on r-f transmission and wind resistance 
for a variety of screens and gratings are avail- 
able in references 8 and 9. 


PRIMARY FEEDS AND PATTERNS 


Usually, final antenna pattern calculations 
are based on experimental] primary feed pat- 
terns. For purposes of initial calculation how- 
ever, it is desirable to have approximate pri- 
mary patterns available. 


The nomograph labeled Figure 6-12 was taken 
from page 405 of reference 3. This nomograph 
provides data for constructing power patterns 
of rectangular waveguide apertures up to two 
wavelengths and thus covers almost all primary 
feed applications. Page 407 of the same refer- 
ence provides a similar nomograph for circular 
feed apertures. Information on dielectric radi- 
ators is given by reference 10. 
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APERTURE (WAVELENGTHS) 


Figure 6-12. Rectangular Waveguide Data, Nomograph 
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WAVEGUIDE 

The guide wavelength (A,) can be easily cal- 
culated knowing the free-space wavelength (A) 
and the cut-off wavelength (A.,). 


1 

at 
For rectangular waveguide carrying the domi- 
nant TE. mode, A, = 2a, where a_ is the in- 
ternal broad-wall (H-plane) dimension. 

Reference 11 lists values of the above wave- 
lengths, for eleven standard rectangular wave- 
guides which cover the frequency range from 
1000 to 42,000 mc. 

Reference 12 provides charts and graphs for 
determining power handling capacities of wave- 
guide systems. Rectangular, coaxial and cylin- 
drical waveguides are considered for both cw 
and pulsed-power applications. 


1 1 
= a) + 2, (6-14) 


6-3.1.3 Search Antennas 


The many search antennas which have been 
devised can be lumped into several major cate- 
gories; namely, rotating antennas, point source 
scanners, line source scanners and two-dimen- 
sional scanning arrays. 


ROTATING ANTENNAS 


Antennas of this type are usually designed 
to provide a cosecant-squared elevation pattern 
and a low sidelohe azimuth pattern. References 
1 and 2 describe a number of techniques for 
obtaining this type of coverage. To maintain 
a smooth elevation pattern, reflector tolerances 
are usually required to be one thirty-second of 
a wavelength or better. 
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POINT SOURCE SCANNERS 


Many different configurations have utilized 
a moving point source to scan through a small 
solid angle or over an angular sector. Refer- 
ences 13, 14, and 15 give a number of specific 
examples. 


For scan sectors on the order of +5 to +8 
beamwidths, long focal length paraboloids are 
sometimes used. The off-axis characteristics of 
a paraboloid are treated in reference 16. 


For applications where sidelobe requirements 
are not too severe, the axial depth can be con- 
siderably shortened by using a Cassegrain an- 
tenna system. This is a double reflector system 
employing a paraboloid for the main reflector 
and a hyperboloid for the sub-reflector. The 
hyperboloid is positioned between the vertex 
and focal point of the main reflector. Eccen- 
tricity of the hyperboloid is chosen such that 
one focus is coincident with the focal point of 
the paraboloid, while the conjugate focus is 
located near the paraboloid vertex. This permits 
the moving point source feed system to be con- 
veniently fed from the rear of the main dish. 
The effective focal length of the Cassegrain 
antenna is MF, where M is the magnification 
factor and F is the paraboloid focal length. For 

e+! the 
e—l 
space attenuation factor is also the same as for 
a paraboloid of focal length MF’. The ratio of 
hyperboloid diameter to paraboloid diameter de- 
termines the aperture blocking and this ratio 
is plotted in Figure 6-13 as a function of the 
magnification M and the F'/D of the main dish. 





a hyperboloid of eccentricity e, M = 





Q/YP —OILVY YSLSWVIC Giol10svyVd-01-dI0OT0EY3dAH 


MAGNIFICATION, M 


Figure 6-13. Hyperboloid-to-Paraboloid Diameter Ratio versus Magnification 
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The dashed lines indicate the limit on M if the 
hyperboloid is to be kept in the far-field, (2d*/\) 
of the feed, assuming a 10 db illumination taper. 
These represent safe limits and in some cases, 
this distance has been reduced experimentally 
to d?/A while maintaining acceptable antenna 
patterns. 


Another point source scanning antenna, re- 
cently popular, is the parabolic torus reflector 
fed by an organ pipe scanner or other moving 
source feed. This system has wide angle capa- 
bilities without beam deterioration, due to its 
symmetry. Sidelobe levels are good except for 
two eye lobes in the 45° planes below the main 
beam. By a proper choice of parameters, these 
can be kept below —17 db. Reference 17 gives 
a detailed description of the parabolic torus 
reflector. 


The Luneberg Lens has received considerable 
attention in the past few years as a system 
ideally suited for scanning wide angles or vol- 
umes in space. The lens is a sphere of varying 
index of refraction and has the property of 
focusing a plane incoming electromagnetic wave 
into a point on the surface, diametrically oppo- 
site the point of entry. Chief drawback to the 
use of the dielectric lens as a transmitting an- 
tenna, has been the limited power handling 
capability. There are a great number of papers 
on this lens available in the literature. Reference 
18 describes the standard Luneberg Lens and 
some possible variations. 


LINE SOURCE SCANNERS 


For sector scanning a beam with low side- 
lobes, a line source feeding a parabolic cylinder 
is often used. Some examples of applicable line 
sources include the Foster scanner’, the Tin Hat 
lens fed by a moving point source’!}5, frequency 
scanned arrays}3}5 and lately, ferrite phase 
shifting arrays!®. 


The first two examples have the advantage 
of a linear sawtooth scan and can be used to 
scan sectors up to 60 degrees or more. Fre- 
quency arrays have the undesirable feature of 
a non-linear scan and ferrite arrays are pres- 
ently limited in application by temperature sen- 
sitivity and average power capability. 
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TWO-DIMENSIONAL SCANNING ARRAYS 


Many new techniques have been developed 
for pointing a beam in space by electronically 
phasing a two-dimensional] array of elements. 
These and other methods of inertialess scanning 
are presented in reference 19. Present day limi- 
tations in the use of ferrite materials to contro] 
the phase of array elements, is the result of 
their temperature and frequency sensitivity. 


6-3.1.4 Track Antennas 


The highest accuracy tracking antennas being 
made today use some form of monopulse to 
provide angular error signals. Reference 20 pro- 
vides a thorough discussion of monopulse in all 
its forms and also makes a comparison between 
monopulse and sequential lobing systems. Also 
included is a discussion of most of the design 
problems without examples of specific solutions. 


One of the most popular of the monopulse 
tracking systems uses amplitude-amplitude com- 
parison. As an initial guide in the feed horn 
design, Figure 6-14 is included. This shows the 
size of the feed horn apertures required for 2.5 
or 3 db secondary beam crossover as a function 
of the paraboloid F/D. Several experimental] 
check points have shown close agreement with 
the calculated curves. 


If conventional horn feeds are used with F'/D 
ratios below 0.5, the H-plane dimension becomes 
very close to cut-off for the TE,, mode. This 
results in difficult impedance matching and 
necessitates very close machining tolerances. 
Sometimes dielectric loading of the feeds is 
employed to extend the point of dominant mode 
cut-off. This requires careful design in order 
to maintain a distinct feed horn phase center 
coincident in both planes. An indistinct phase 
center leads to a comparison of signals with a 
complex phase function and limits the tracking 
accuracy. The effect of feed assembly errors 
on angular accuracy is the subject of references 
21, 22, and 23. 


There are a number of possible monopulse 
feed configurations which depart from a simple 
cluster of contiguous horns. Combining net- 
works can be used to provide effectively differ- 
ent horn combinations for transmit and for 
error sensing on receive. Each of these requires 
a special analysis. 
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To reduce the physical depth of the antenna 
reflector system, a Cassegrain geometry is some- 
times used. The effective focal length of MF 
(discussed in the preceding section) should be 
used in Figure 6-14 to determine the size of the 
feed horn apertures. This and other double- 
reflector systems are described in reference 24. 


6-3.2 TRANSMITTERS 


6-3.2.1 General 


A transmitter is a device used to generate 
high frequency oscillations of energy level suf- 
ficient to properly illuminate or excite a radar 
target at some distant point. The fundamental 
objectives of the transmitter are essentially two 
fold, first, to generate the necessary energy level 
at the required operating frequency and second, 
to generate the energy with the required degree 
of frequency, time and amplitude stability. 

Two basic approaches may be employed in 
transmitters. The first is the power oscillator 
transmitter where a single oscillator tube pro- 
vides the necessary r-f energy. This approach 
has the advantage of minimum complexity, size 
and weight. The disadvantage is that since the 
oscillator must usually generate and deliver 
large amounts of power, heating of the oscil- 
lator tube structure, and variations in antenna 
loading, lead to relatively poor frequency sta- 
bility. The second approach is the MOPA (mas- 
ter oscillator power amplifier) transmitter in 
which the frequency is generated in a highly 
stable low power oscillator circuit and amplified 
up to the required power level by means of 
succeeding power amplifier stages. A higher 
degree of complexity results, but this approach 
must be employed where excellent transmitter 
stability is a prime system consideration. 


DESIGN CONSIDERATIONS 


The following factors must be known and 
weighed before a transmitter design can be 
undertaken: 


*(a) peak r-f power output required 
(b) average r-f power output required 
*(c) pulse length required 
*(d) pulse repetition rate required 
(e) carrier frequency or range of frequen- 
cies required 


*These factors apply to pulsed transmitters only. 
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(f) phase, amplitude, and pulse time s 
bility required 


(g) bandwidth required 

(h) degree of complexity allowable 
(i) overall efficiency desired 

(j) size and weight allowable. 


The factors listed above are determined p 
marily by the characteristics of the type 
transmitting tubes employed and the puls 
equipment, and/or the d-c power supplies us 
to operate the tubes. These characteristics w 
be discussed further in subsequent sections. 


PULSED AND NON-PULSED CW TRANSMITTERS 


The most common type of radar transmitt: 
is the pulsed version. Much higher peak powe 
output for short intervals of time may be ol 
tained from transmitting tubes than from tk 
same tube type operating in a non-pulsed mod 
In practice, many tubes are designed only fo 
pulsed operation and can not be operated un 
pulsed. Furthermore, most of these tube type 
are limited to very specific-maximum puls 
lengths, ten microseconds being a typical value 
The pulse shape is generally approximately rec 
tangular, although an appreciable reduction i1 
the amount of r-f spectrum can be achievec 
by employing shaped (such as cosine, cosiné 
squared, etc.) pulses. Since any practical puls- 
ing system will result in a finite change in the 
d-c voltage applied to a transmitting tube dur- 
ing a pulse, and since all transmitting tubes 
have a phase delay versus voltage characteristic 
(FM), this problem must be analyzed to insure 
compatibility with overall system considera- 
tions. Non-pulsed transmitters, on the other 
hand, present a constant load on the sources of 
d-c operating voltage and hence the only esser- 
tial phase shift variations will be due to the 
ripple content of the power supplies employed. 


6-3.2.2 Microwave Transmitting Tubes 


Most transmitting tubes can be classified into 
three broad categories: 


(a) grid controlled tubes, exemplified by 
triodes, tetrodes, and pentodes — These 
tubes are generally limited to the lower 
frequencies (up to about 400 megacycles) 
when significant amounts of power art 
to be realized. They may be used as either 


oscillators or amplifiers and are available 
in either pulsed or non-pulsed versions. 


velocity modulated tubes, exemplified by 
klystrons, traveling wave tubes, and 
backward wave oscillators — These tubes 
generally are most practical at frequen- 
cies above 400 megacycles. The large 
klystron and traveling wave tubes are 
customarily employed as amplifiers. The 
reflex klystron and backward wave oscil- 
lator are employed as low powered fre- 
quency determining elements. All of 
these tube types may be available in 
either pulsed or non-pulsed versions. 


(c) cross field tubes, exemplified by magne- 
trons and amplitrons operate over ap- 
proximately the same frequency as the 
preceding group — Magnetrons are al- 
ways used as oscillators and amplitrons 
are generally used as amplifiers. Both 
types may be available in the form of 
pulsed and non-pulsed versions. 


(b) 


GENERAL EXTERNAL CHARACTERISTICS 


The previously described broad categories of 
transmitting tubes all have several important 
external characteristics as shown in very gen- 
eral form in Table 6-1. The first column is 
intended to show the operating frequency 
and power output characteristics that may be 
achieved without an extensive development pro- 
gram being undertaken. The variation of power 
output between the frequency extremes shown 
is not linear, but rather, falls off rapidly with 
frequency. The other factors of typical gain, 
operating voltage and efficiency will serve as a 
general guide in determining the relative com- 
plexity and size that a transmitter using the 
various tube types will entail. The r-f band- 
widths shown are approximate maximums for 
high power tubes. Generally, the greater the 
bandwidth required, the lower the efficiency 
possible with a given tube type. 


PHASE CHARACTERISTICS 


Table 6-2 shows typical phase characteristics 
encountered in various amplifier tube types. 
With velocity modulated tubes the values of 
total phase length are typical for high power 
tubes, but they may be many times greater with 
low power tubes. 


WEIGHTED VALUES OF TUBE CHARACTERISTICS 


Reference 25 contains much useful informa- 
tion in selecting transmitting tubes. Included 
are a series of curves relating the relative de- 
sirability of various tube characteristics in 
terms of assigned weighing factors. 


6-3.2.3 Pulser and Power Supply 
Considerations 


Pulsers may be divided into roughly three 
categories: those using gas filled tubes as 
switches, those using vacuum tubes as switches, 
and those using saturating magnetic ele- 
ments as switches. In general, all pulsers 
must have a high voltage d-c power supply 
which charges some form of energy storage ele- 
ment between pulses. The switching action, ini- 
tiated to produce a constant amplitude pulse 
to the transmitter tube, may discharge either 
part or all of the energy in the storage element 
during one pulse time interval. It is in this 
respect that basic pulser circuits vary. 


GAS TUBE PULSER CHARACTERISTICS 


The gas tube pulser, usually called the line 
type pulser, consists of five basic elements hav- 
ing functions as follows: 


(a) high voltage d-c power supply — This de- 
vice steps up and rectifies a-c power line 
voltage. The rectified output is filtered 
to reduce the ripple to the degree pre- 
scribed by system considerations. 


(b) resonant charging circuit — A charging 
reactor is selected to be resonant with 
the capacity of the energy storage ele- 
ment in the period equivalent to the in- 
terpulse time. The storage element is 
thereby charged to approximately twice 
the voltage of the d-c power supply. 


(c) pulse forming network — This element is 
an artificial transmission line consisting 
of properly selected values of inductance 
and capacitance. During the resonant 
charging period the energy required for 
one pulse is stored in the line capacitance. 
The number of sections used in the line 
determines the rise time, fall time and 
flatness of the pulse generated upon dis- 
charge. 
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TABLE 6-2. TRANSMITTER TUBE PHASE CHARACTERISTICS 





TUBE TYPE 


AMPLITRON 


KLYSTRON 


TRIODE 
TETRODE 


(d) switch tube — This tube, usually a hydro- 
gen thyratron, is triggered into conduc- 
tion at the instant a pulse is required. 
pulse transformer — This device is the 
third element of a series circuit consist- 
ing of the pulse forming network, the 
switch tube, and the pulse transformer. 
The amplitude of the primary pulse, 
usually less than 30 kilovolts, is then 
stepped up to the necessary voltage level 
and applied to the transmitter tube being 
pulsed. At the end of one pulse essen- 
tially all of the energy is removed from 
the storage element and it is recharged 
for the next pulse during the interpulse 
period. 


HARD TUBE PULSER CHARACTERISTICS 
The hard tube pulser operates essentially the 
same as the line type pulser except that: 
(a) resonant charging is not employed 
(b) instead of a pulse forming network, 
a large storage capacitor is employed, 
which normally delivers only a small 
fraction of its energy on one pulse 






Ad 


Ad 


Ad 


(e) 


TY PICAL 
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PHASE 
SENSITIVITY 
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I 





=x 0,4° for 1% 
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Al 


= 0.5° for 1% ao ea 










= Oto 0.5° for 1% Ar 


(c) on many circuits a pulse transformer 
may not be required but this is done at 
the expense of operating pulser compo- 
nents at much higher voltage levels than 
in the line type pulser. 

On velocity modulated tubes a variation of 
the conventional hard tube pulser is sometimes 
employed. Some klystrons and TWT’s can be 
supplied with a modulating electrode which can 
be pulsed with respect to the cathode to turn 
on the beam in these tubes. The switch tubes 
therefore usually handle much less average 
power than in the conventional hard tube pulser, 
but the pulsing circuitry becomes somewhat 
more complex. 


SATURATING REACTOR PULSERS CHARACTERISTICS 


These pulsers bear a similarity to line type 
pulsers. Their principle of operation is based on 
resonantly charging a capacitor. When the ca- 
pacitor reaches its peak charging voltage, a 
series reactor saturates and discharges the first 
capacitor into a second smaller capacitor which 
is then resonantly charged to a higher voltage 
in a shorter period of time. by going thru a num- 
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ber of successive stages of this type a short 
pulse can be formed. This pulse in turn is step- 
ped up by a pulse transformer and applied to 
the transmitter tube as a line type pulser. It is 
sometimes possible to incorporate silicon con- 
trolled rectifiers in the low level, long charging 
period stages to simplify the construction of 
this pulser type. 


RELATIVE MERITS OF PULSERS 


(a) 


(b) 


(c) 
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line type pulser 

(1) The pulse is formed at relatively low 
voltage, generally resulting in smaller 
overall size and weight. 

(2) Only the energy for one pulse is 
stored in each interpulse interval result- 
ing in very limited fault current in an 
arcing transmitter tube. 

(3) The pulse shape is a function of 
the characteristics of the pulse forming 
network and the pulse transformer. 
hard tube pulser 

(1) The pulse is formed at relatively 
high voltage, generally resulting in large 
overall size and weight. 

(Z) Very high energy is present in 
storage capacitor at all times, resulting 
in extremely high fault current in an 
arcing transmitter tube unless protective 
circuits are employed. 

(3) The pulse droop is a function of 
the storage capacitor size and the pulse 
transformer (if a transformer is used). 
The hard tube pulser produces the most 
rectangular pulse possible when properly 
applied. 

saturating reactor pulser 

(1) The pulse is formed at relatively low 
voltage probably resulting in the smallest 
overall size and weight of any pulser. 
(2) Time jitter and time drift may 
result from the variation in magnetic 
characteristics of the core steels. 

(3) Energy per pulse characteristics are 
identical to the line type pulser. 

(4) The pulse shape is a function of the 
characteristics of the last stage pulse 
forming network, the saturated react- 
ance of the last stage and the pulse 
transformer characteristics. 


6-3.3 RECEIVERS, GENERAL 


In a typical radar system, the receiver is 
located both physically and electrically between 
the r-f plumbing and the data utilization and 
display equipment. It forms that element in 
the radar system which amplifies the returned 
signal so that it may be fully utilized by the 
remaining portion of the system. In some of 
the more modern sophisticated systems some > 
form of pulse coding may be used which makes | 
the signal more readily identifiable to the 
receiver. By making use of known signal 
characteristics, such as frequency, pulse length 
and prf, the designer is able to tailor his design 
so as to optimize receiver performance which 
will permit only the reception of a particular 
type of signal and make possible the rejection 
or at least the distinct reduction in sensitivity 
to other unwanted signals. 

Unlike the home radio or the communications 
receiver, the radar receiver is required to have 
a very wide dynamic range capable of handling 
signals of various strengths almost simultane- 
ously. This is true because operational condi- 
tions preclude the existence of an operator 
whose response time will be sufficiently rapid 
to instantaneously set the gain of the receiver 
to suit the needs of the rapidly changing signal 
strength. 

The radar receiver may also be differentiated 
from the common radio receiver because the 
radar receiver seldom has its own independent 
and physically separate antenna. Instead it is 
necessary to share a signal receiving antenna 
with a powerful nearby transmitter making use 
of a very high speed transmit-receive switch 
to make possible this antenna sharing. Since 
no such switch is perfect, leakage through the 
r-f plumbing into the receiver channel is always 
a matter of concern for the radar receiver 
designer. 

The communications receiver, as well as the 
home radio receiver, ordinarily operates with 
only very narrow overall bandwidths. A typical 
range of bandwidth for such receivers might 
be ten to thirty ke. On the other hand, the 
radar receiver may operate utilizing a very 
much wider bandwidth. For example, the 
receiver designer is confronted with a basic 
principle in many designs that the overall band- 
width of the receiver is inversely proportional 





to the pulse length. For instance, a one micro- 
‘second pulse length will require a bandwidth 
‘of approximately one megacycle. There do exist 
‘modern receivers, however, which must accept 


bandwidth receivers are usually rated in terms 
of noise figure instead of sensitivity in micro- 
volts input signal for a given signal-to-noise 


pulses of a millisecond or more in length, which 
' Means that the overall bandwidth will be com- 
parable to that of a good radio receiver. 


| A final distinguishing characteristic of the 

radar receiver is the fact that it operates on 
extremely weak signals. This requires con- 
timuous seeking on the part of the designer for 
very high sensitivity and low noise front ends. 


One characteristic which the radar receiver 
has in common with the radio receiver is the 
prevalent use of the super heterodyne tech- 
nique. Single conversion is the most popular 
although double and even triple conversion are 
often necessary in order to obtain the very 
marrow bandwidth optimum for millisecond 
pulse radars. This means that i-f amplifiers will 
constitute the heart of the amplifying portion 
of the radar receiver. The various forms that 
this amplifier can take will be discussed with 

their applications in later sections. 


6-3.3.1 Design Considerations for 
Countermeasures and ECM 


The radar receiver will seldom operate in 
an environment free of any type of interfering 
signal. In reality and in practice there is always 
sufficient man-made and natural interference 
to constitute a constant threat to the effective- 
ness of any receiving system. To reduce and 
overcome this menace, various types of en- 
hancement schemes which improve signal-to- 
jamming ratio in the presence of jamming are 
available. (See Chapter 11.) The designer 
therefore must consider that the primary func- 
tion of the radar receiver may well be to 
receive signals satisfactorily in a highly adverse 
or Jamming environment. Jammer powers and 
sophistication are continually being advanced 
and improved so that the receiver designer is 
always pushed to find new ways to minimize 
the effects of these interfering signals. 


6-3.3.2 Receiver Noise Figure 


One of the most important parameters the 
receiver designer must consider is receiver noise 
figure or receiver noise factor. These are two 
names for virtually the same thing. Very wide 


ratio. This method of rating a receiver is less 
confusing where receivers vary widely in band- 
width. Though it can be shown that the calcula- 
tion of noise factor is independent of band- 
width, this method of rating by noise factor 
must be related to bandwidth in order to fully 
evaluate a radar system. 


The noise factor of a receiver, or of any 
network, is defined as the ratio of the available 
input to output signal-to-noise power ratio. 

pa S/N 

S/N. 
where F' = system noise figure 


(6-15) 


S,; = available signal input power 
N, = available noise input power 
S, = available signal output power 
N, = available noise output power 


This equation indicates that the ideal receiver 
would be one where the noise factor F is equal 
to 1.0. When the noise factor F' is expressed 
as a power ratio in db, it is termed noise figure 
of the receiver. This is its most common 
terminology and the one most commonly en- 
countered in military specifications. This re- 
ceiver noise figure is one of the major para- 
meters in determining overall system noise 
figure. (See paragraph 6-2.) 


6-3.3.3 Typical Overall Receivers 


Three typical receiver block diagrams are 
given in Figure 6-15. They differ primarily in 
the head end. In each case the head end deter- 
mines, to some degree, the selectivity of the 
receiver and primarily determines the overall 
noise factor obtainable. 

The first receiver shown has an r-f amplifier 
as its head end. If the input circuit is properly 
designed, this first tube will determine the 
overall noise factor providing, of course, that 
the first tube has sufficient amplification to 
override any noise produced in either the 
second stage or the first converter. This is true 
because summation of non-coherent noise is 
always in an rms fashion so that the noise 
generated inside the tube, as compared with 
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Figure 6-15. Typical Radar Receivers, Block Diagram 
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the input noise on the grid of the tube which 
enjoys a gain to the plate of the tube, will 
always appear as a much less important factor 
than the noise input from the preceding stages. 
Typical r-f amplifier tubes that could be prefer- 
ably used over the lower frequency ranges are 
usually of the coplanar type. These may be of 
such types as the 2C39, the 7077, the 6299 and 
the 416B. The noise factor of these tubes in 
the range from 400 megacycles to a 1000 mega- 
cycles would vary between 5 and 10 db. A more 
detailed discussion of r-f amplifiers, their 
design and their characteristics is given in 
paragraph 6-3.3.3. 


The second typical receiver uses a crystal 
converter as its first stage. Though a pre- 
selector would appear desirable with this 
arrangement, it is seldom used. The frequency 
range of operation can now be extended to K, 
band and even beyond since the performance 
in regard to noise figure for crystals varies 
very little over this range. The noise figure of 
a crystal mixer is a function of conversion loss 
which is relatively independent of frequency. 
With the best crystals it is possible to obtain 
a receiver with a noise figure varying from 6 
to about 12 db over this frequency range. A 
necessary part of such a successful head end 
presumes that it is carefully matched to a low 
noise cascade i-f stage using such low noise 
tubes as the GE 7077 or the Western Electric 
AITA. 


From this discussion it is evident that the 
receiver design employing an r-f stage in the 
60 to a 1000 megacycle range has only a slight 
advantage as far as noise figure is concerned. 
Since most radar receivers were originally 
located where spurious responses from other 
systems were not likely to be troublesome, the 
receiver using the crystal converter was simpler, 
hence more reliable. Therefore, the crystal con- 
verter for a first stage in a radar receiver 
has been used in the majority of head end 
applications. 

In order to avoid the degradation which 
would be suffered if the local oscillator signal 
contained excess noise, a balanced crystal 
arrangement is often preferred. This popularly 
takes two forms, the so-called magic T balanced 
mixer and the hybrid coupler mixer. Both of 
these arrangements cause the oscillator injected 
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noise to be cancelled out in the input circuits 
of the first i-f stage since its phase is reversed 
in the two crystals. 


Insofar as sensitivity and noise figure are 
concerned, both the r-f and crystal converter 
receiver head ends have been improved recently 
by the addition of the parametric amplifier 
which is shown as the third receiver block 
diagram in Figure 6-15. With the best para- 
metric amplifier available today it is possible 
to improve the noise factor of a receiver by a 
factor of three to one for frequencies up to 
C-band (5000 megacycles). The parametric 
amplifier uses a special diode. Due to the 
variable reactance obtained in this diode which 
responds to applied pump energy, low noise 
amplification at the signal frequency is accom- 
plished. However, little is known about the 
performance of such amplifiers for frequencies 
above 5000 megacycles and it may be presumed 
that crystal converters will enjoy popularity 
in the region above 5000 megacycles for 
some time. 


6-3.3.4 Bandwidth 


The amount of selectivity which is incorpo- 
rated in radar receivers is determined both by 
the type of pulse and by the local oscillator- 
transmitter stability. The i-f bandwidth gener- 
ally must be wide enough to give a reasonably 
accurate pulse shape reproduction. If the i-f 
bandwidth is too narrow, the pulse will appear 
rounded on the corners instead of square, and 
all the possible energy of the pulse will not be 
satisfactorily passed through the chain of i-f 
amplifiers. Accurate pulse reproduction is par- 
ticularly important in tracking radars. If the i-f 
bandwidth is too wide, excess noise is amplified 
into the output of the receiver and the signal- 
to-noise ratio will be correspondingly degraded. 
In general, the i-f bandwidth must be at least 

1 
pulse length 
is 10 microseconds, the i-f amplifier pass band 
must be at least 100 ke. In many instances the 
receiver bandwidth is made appreciably wider 
because either special functions must be per- 
formed by the receiver or stability considera- 
tions dictate the wider i-f bandwidth. Only in 
the case of extremely stable oscillators, which 
are either cavity or crystal stabilized, will the 


For example, if the pulse length 
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minimum bandwidth suitable for faithful pulse 
reproduction be possible. An excellent dis- 
cussion of optimum receiver bandwidth for 
various types of pulse shapes is given in Volume 
24, MIT Radiation Lab Series, page 208. 


6-3.3.5 Selectivity 


Radar receivers usually are not required to 
furnish a given performance when operating 
very close to adjacent or alternate channels. In 
view of this, desensitization specification and 
selectivity figures at alternate frequencies usu- 
ally are not made part of the specifications. 
Instead, as indicated above, the bandwidth of 
the receiver is determined by the type of pulse 
to which a receiver must respond. Neglecting 
for the moment such interference considera- 
tion as man-made or natural jamming, the 
selectivity associated with individual i-f stages 
is such that gain and bandwidth considerations 
are often more important than skirt selectivity. 
For a nominal bandwidth, a single tuned coil 
or coupling element is frequently used. For a 
wider bandwidth, double tuned i-f transformers 
may be called upon to perform the bandwidth 
controlling function. Where very wide band- 
widths are required, multiple-tuned coupling 
elements with staggered tuning may be used. 


In cases where it has been necessary to add 
adjacent channel selectivity to the radar re- 
ceiver, a very practical solution has been the 
use of a pre-selector. Ideally this pre-selector 
would be one which would accept only the 
frequencies required to reproduce a desired 
pulse and reject all other frequencies. A voltage 
tunable version of this type is the forward 
wave amplifier. This, in many instances, par- 
ticularly at X-band, requires such high Q 
elements as to preclude a successful design. 
Instead the designer is required to make use 
of passive devices, such as cavities or micro- 
wave line filters. For these, an additional con- 
sideration is insertion loss. Ordinarily the 
sharper the filter, the greater the insertion loss. 
Since this transmission loss subtracts from the 
sensitivity of the receiver, this is another design 
consideration which determines the practical 
bandwidth of the preselector. Though not many 
are presently used, primarily because of their 
insertion loss factors, it appears that there may 
be a distinct advantage in having a matching 
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i-f filter between the first converter and the 
i-f amplifier. 


6-3.3.6 Stability 


The radar receiver is ordinarily required to 
raise a receive signal from the microvolt level 
up to approximately the one volt level. This 
amounts to about a 120 db voltage gain. Any 
unwanted feedback loop must be minimized 
as much as possible to avoid instability. 

Stability problems are generally of two 
types — overall and individual stage. Overall 
stability problems are those where the un- 
desired feedback loop is around the entire 
receiver. These problems may be aggravated by: 


(a) increasing the overall gain requirements 
(b) reducing the size of the amplifier 

(c) poor filtering in the power supply mains 
(d) inadequate shield enclosures 


and in general, by increasing the operating or 
the intermediate frequency amplifier frequency. 
A logical solution to reduce the overall feed- 
back is to divide the high gain amplifier into 
a pre-amp and a post-amplifier to reduce the 
total gain present in any one amplifier strip. 

Another way of minimizing instability is to 
make use of the double or triple superhetero- 
dyne technique. The amount of gain contained 
in the receiver at any one frequency is reduced; 
for instance, 60 db of gain at the high i-f and 
60 db of gain at the low i-f. 

Another means of avoiding overall feedback 
is to keep the interconnecting leads which are 
fed to each amplifier well separated whether 
they are coaxial or straight wire. The individual 
amplifier stages should also have a reasonable 
physical separation in their mounting. They 
should be well grounded both through the 
coaxial cables and through direct contact to any 
mounting strip bracket. 

Feedback or instability around an individual 
stage may be controlled by controlling 

(a) the maximum gain of the stage 

(b) the plate-to-grid capacity of the tube 

(c) the impedance into which the tube works 

(d) the by-passing of the output currents so 

they do not recirculate to the input of a 
particular tube or to another stage of 
the overall amplifier. 


Pentodes used as amplifier tubes usually have 
a high gain. Potential instability may be con- 
trolled by grid-bias cathode degeneration or by 
lowering the plate voltage. A decided advantage 
of the pentode, however, is that the grid- 
capacity is several orders of magnitude lower 
than the typical triode so that this feedback 
path is reduced to a minimum. 
‘The impedance into which the tube works 
can ordinarily be made either low enough to 
be igenored, or if high, have the phase of the 
impedance be such that it will cause no feed- 
back problem. One of the most important con- 
siderations in individual stage feedback or 
instability is that of by-passing the proper 
area or element in the tube. Where a screen 
grid tube is used, it is very important to have 
@& proper screen by-pass capacitor. It can be 
shown, in addition, that a certain amount of 
under by-passing of the screen may neutralize 
the effects of grid-plate capacity. This implies 
that the condenser must return to a true ground 
potential point (preferably on the chassis 
itself), and the condenser itself must have the 
lowest possible residual lead inductance. 


The next most important by-pass is the plate 
return by-pass. This condenser is returned to 
d-c ground, and if so, then the cathode also 
must have a good low impedance by-pass to 
allow the a-c current from the chassis ground 
to flow back into the cathode from which they 
originated. The cathode by-pass also allows the 
other currents, such as those due to screen 
current, to flow back to the cathode of the 
individual tube. It is ordinarily good practice 
to make the cathode by-pass at least ten times 


smaller an impedance at the operating fre- 
quency than that of the self-biasing cathode 
resistor. 

The remainder of this discussion of receiver 
design considerations will cover the individual 
building blocks of the receiver. Where neces- 
sary, typical block diagrams will be given. 
Typical performance characteristics as well as 
important design considerations will be included 
in the discussion and will be supplemented by 
graphs and other diagrams. 


6-3.3.7 Video Amplifiers 


This is a device used to amplify, shape (if 
necessary), limit and otherwise process the 
video signal so that it may be made useful for 
displays, computers, or for range and error 
tracking circuitry. In its most elementary form 
the video amplifier may take the form shown 
in Figure 6-16. External control signals such 
as gates and triggers may be introduced in 
addition to the basic video. Other types of 
circuits which are called upon to act on the 
signal in a video fashion are: 


(a) automatic gain control (AGC) 

(b) automatic frequency control (AFC) 
(c) sensitivity time control (STC) 

(d) fast time constant (FTC) 


For a more complete discussion of each of 
the above see Volume 23 of MIT Radiation 
Lab. Series. 

TYPICAL REQUIREMENTS 


Unless otherwise specified it may be assumed 
that the video detector is an amplitude rather 
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Figure 6-16. Basic Video Amplifier, Block Diagram 
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than a phase detector. Its time constant is 
usually made 10 to a 100 times greater than 
- where f = the i-f amplifier frequency. How- 
ever, this relationship generally is non-critical 
and wide variations are vermissible. It is im- 
portant in radar tracking systems to have good 
high frequency response without droop. A final 
consideration to the video amplifier designer 
is the avoidance of all undesired distortion in 
the video amplifiers such as pulse stretching 
or long recovery time after a large block of 
signals like ground clutter. Proper filtering of 
the power leads is important because the video 
amplifier lower cutoff frequency may be close 
to the power frequency being used. It is also 
important in the physical and electrical con- 
struction to take adaquate precautions to 
minimize hum pickup. 


Transistors, triode tubes and pentodes can 
be successfully used as video amplifiers. Usually 
a video amplifier has a low output impedance 
when it takes on the role of a line driver. 


LIMITERS 


Where the output of the video circuitry is 
to be fed directly to a PPI or some similar form 
of display it becomes necessary to limit the 
video. This is because of the very limited 
dynamic range (10 to 15 db) of the PPI. 
Signals much above noise very often tend to 
cause undesirable blossoming on the PPI screen. 
Transistor, tube, and diode limiters are being 
used, though the tube type seems to be 
preferred. 


BANDPASS CHARACTERISTICS 


Once the limit level is set, not much further 
gain is required in the video amplifier. Ten to 
sixteen db is a typical range of post limiter 
gain values. The designer finds this low level 
of gain both desirable and convenient since it 
makes it easier to cope with hum pickup, 
transients, and unwanted gates, as well as 
spurious responses. Obviously amplitude limit- 
ing is not possible when such amplitude com- 
paring circuits as error detectors or Doppler 
data are involved. The lower limit of the band- 
width of a video amplifier is ordinarily deter- 
mined by the repetition rate. The upper limit 
is determined by the received pulse rise time 
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desired. Because of the absence of filaments, a 
transistor video amplifier is inherently less 
troubled with hum pick-up than a tube video 
amplifier. 


6-3.3.8 I-F Amplifiers 

An i-f strip or intermediate frequency am pli- 
fier is the distinguishing characteristic portion 
of the superheterodyne system, since all the 
gain is obtained at one frequency and only the 
head end is tuned. This permits repeatable stage 
design and reasonable selectivity characteristics 
to be used. 


INPUT-OUTPUT CHARACTERISTICS 


Typical i-f amplifiers may be categorized in 
several fashions. The first of these is the rela- 
tion by which the output voltage is made to 
vary as a function of the input voltage. The 
most elemental of the receivers is the linear 
receiver whereby the output voltage is a linear 
function of the input voltage. A renresentative 
range of linear characteristics would be about 
40 db. Greater ranges of linear characteristics 
can be obtained by a careful design. A second 
type in this category is the log receiver, i.e. 
the output is a log function of the input voltage. 
A final type of amplifier scheme which is most 
often used in tracking or scanning beam sys- 
tems is that by which the output voltage is 
related to the input voltage by means of an 
AGC servo loop. By means of a good AGC, the 
output voltage can be held to within a narrow 
range over perhaps an 80 db range of innut 
signals. The linear receiver is often used in the 
more simple type of search radar. The log 
receiver is most popular in the more sophisti- 
cated search radars or preceding some type of 
MTI processing. 


INTERSTAGES 


A second way of categorizing i-f amplifiers 
is by means of the interstage coupling circuits. 
Basically those most commonly used fall into 
three types. These are: the single tuned ampli- 
fier, the transformer coupled amplifier and the 
stagger tuned amplifier. A single tuned ampli- 
fier has good transient response; however, the 
overall bandwidth reduces as stages are seried 
together. Both the staggered tuned and the 
transformer coupled amplifier have transient 
responses which are inferior to that of the 





Synchronously tuned amplifier. However, where 
a wider bandwidth than can be furnished by 
the synchronously tuned amplifier is required, 
the transformer coupled amplifier is able to 
cover the bandwidths up to 15 megacycles. A 
fourth and somewhat unrelated type of ampli- 
fier, whose interstage may be a form of one of 
the above three, is the feedback pair. Because 
of its high gain bandwidth ratio when used 
with such new tube types as the E180F, this 
type of amplifier is being sought as a means of 
optimizing circuitry. 


CHOICE OF INTERMEDIATE FREQUENCY 


At first the designer is confronted with a 
seemingly infinite choice of i-f frequencies. As 
a matter of practicality this choice is actually 
somewhat limited. Considerations such as image 
rejection, stability requirements, availability of 
components and general know-how may govern 
the final choice. One of the most popular inter- 
mediate frequencies is 30 megacycles. It can 
be shown that this frequency lies about midway 
within a lower plateau where the overall noise 
figure of a crystal converter system can be 

optimized. In X-band systems where image 
rejection or AFC problems must be taken into 
consideration, 60 megacycles is often used. 


CHOICE OF COMPONENTS 


The miniature vacuum tube types which are 
in common use in i-f amplifier stages offer a 
somewhat limited selectivity. In addition to the 
E180F already mentioned, three other popular 
types of tubes are in common use. These are 
the 5654/6AK5W, the 6AU6 and the 6AH6. 
Of the latter three the 6AU6 has a considerably 
higher reliability rating. A tube type related to 
the 5654 is the 5725/6AS6W or the suppressor 
grid contro] tube. This tube has a reasonably 
good control characteristic because of a moder- 
ate gm available on the suppressor grid. It is 
often used where gating and gain is required 
because the signal can still be amplified from 
grid to plate while sufficient control, established 
by means of the suppressor grid, can be used 
to provide adequate gain reduction or gating. 
Among the subminiature tubes available, should 
system design considerations call for their use, 
are the 5702, 6843 and 6205. Transistors which 
may have useful applications are the 2N502 
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and 2N1141. A high alpha cut-off characteristic 
is very desirable in the latter. 


HEAD END AND LOW NOISE DESIGN 
CONSIDERATION 


Here, for reasons of low internal tube noise, 
a triode or simple transistor must be used in 
place of a tetrode or a pentode. These devices 
are generally operated with the grid grounded 
or with a low impedance in the plate of the tube 
because of the high grid-plate capacitance and 
the large feedback which can occur at the com- 
mon i-f frequencies. A typical two stage com- 
bination is the Wallman cascade which consists 
of a cathode grounded stage followed by a 
grounded grid stage. This satisfies the needs for 
stability as well as low noise performance. To- 
gether these tubes are capable, with proper neu- 
tralization in the plate of the first stage, of 
realizing some of the lowest possible noise fig- 
ures in the i-f head end. To date there is no 
comparable transistor circuitry capable of 
equivalent performance. A fuller discussion of 
this design technique is given in pages 127-137 
of Volume 23 MIT Rad. Lab. Series. 


6-3.3.9 R-F Amplifiers 


The use of tubes as r-f pre-selectors or radar 
receiver systems offers some advantages in the 
region from L-Band downward. In the region up 
to about 600 megacycles a tube r-f amplifier 
offers the advantage of low noise sensitivity 
over a crystal mixer. There exists a gray area 
between 600 megacycles and L-Band where the 
decision between tube or crystal must be based 
on other system performance requirements than 
those of low noise sensitivity. 

Radar systems in the field today and antici- 
pated in the future will probably operate at no 
lower r-f carrier frequency than 200 megacycles. 
Therefore the designer’s need for low noise r-f 
amplifiers will be considered for frequencies or 
systems operating above that frequency only. 


TUBES 


Because of their definite superiority as low 
noise amplifiers only triodes need be considered 
for this application. Among the suitable triodes 
which may be considered are Western Electric 
5280/416B, General Electric 6299 and General 
Electric 7077. All are co-planer triodes which 
are demonstratively superior as low noise per- 
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formers. Of the three available circuit consider- 
ations (grounded grid, grounded cathode and 
cathode followers), only the first offers any real 
possibility of success as an r-f amplifier configu- 
ration. The grounded grid configuration has the 
following advantages: 


(a) wide band matching 
(b) stability 
(c) good low noise characteristics 


The principle difficulty lies in the necessity of 
gain controlling the grounded grid amplifier. 
The most convenient method of gain controlling 
in this stage would be to furnish a d-c bias to 
the grid, having first adequately by-passed this 
grid to a-c ground. However, as the frequency of 
the r-f amplifier is made higher, adequate, re- 
liable by-passes are difficult to achieve in prac- 
tice so that some other means of gain control 
must be sought. This usually takes the form of 
introducing an additional current into the ca- 
thode circuit so that the cathode is driven more 
positive thus causing an additional bias to cut 
off the tube. 


LOW NOISE PERFORMANCE 


In the VHF region, lumped constant circuits 
for r-f amplifiers can be used successfully; in 
the UHF region (400 megacycles or higher) 
distributed constant, cavity type construction 
begin to show superiority. A typical set of noise 
figure results which can be expected for head 
ends using tubes over the frequency range is 
shown as Fig. 6-17. This data was obtained from 
performance measurements on various systems. 
It should be pointed out that the triode r-f am- 
plifier, by virtue of its plate-tuned selectivity 
curve, provides some image rejection capability 
for the remaining portions of this type receiver. 
This naturally gives it a certain superiority 
over the untuned crystal mixers. However, since 
the r-f amplifier usually consists of only one 
stage, or at the most two, it must be followed by 
some form of a converter — a crystal or a tube 
mixer. The tube converter will ordinarily have 
a much worse noise figure than the crystal con- 
verter, thereby requiring a higher gain of the 
r-f amplifier itself to offset this disadvantage. 


POWER HANDLING CAPABILITIES 


Typical r-f amplifier tubes are capable of han- 
dling safely duplexer leakage powers at least an 
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order of magnitude greater than that which a 
crystal can withstand. The crystal mixer follow- 
ing the r-f amplifier can therefore use a lower 
performance crystal such as the IN25 to an 
advantage. The r-f amplifier will ordinarily 
limit and prevent overloading an IN25. 


NEWER FORMS OF TUBES 


Another form of r-f amplifier tube which may 
be used in the receiver is called the traveling 
wave tube. The TWT makes use of the slow 
wave structure which is confined within a beam 
of electrons. The electron beam is initially 
formed by a series of electro-static grids and in 
its traverse through the tube structure is con- 
fined within a helical structure by a strong mag- 
netic field. Energy at the carrier frequency is 
coupled to the helix through the electron beam. 
A low noise characteristic is possible with this 
type of tube. Basically this is a wide band de- 
vice ; bandwidths of 50 percent or more are com- 
mon. This characteristic implies that some form 
of filtering must be used subsequent to this tube 
if undesirable effects of image noise are to be 
avoided. 


A typical receiver using a traveling wave tube 
head end would probably require double conver- 
sion with the first intermediate frequency lying 
at least in the VHF field to enable a practical 
wideband filter either at S or X band to be used. 
This would, in turn, permit the reduction of 
image sideband noise to a permissible level. The 
gain of this type of front end is ordinarily in 
excess of 20 to 25 db, and the noise figure range 
increases from 7 to 9.5 db at X-band. 


Another form of the traveling wave tube is 
called a forward wave amplifier and uses feed- 
back in its amplifying action. This acts much 
like the regular traveling wave tube with the 
exception that it is no longer broadband. Band- 
widths are usually less than 1 percent although 
the gain is comparable to that of the TWT. Noise 
figures are slightly lower than obtained with the 
TWT, while the bandwidth is tunable across the 
operating band of the tube itself by electronic- 
ally controlling the voltage on the feedback loop. 
Using this device it is possible, therefore, to 
have a rapidly tunable front end which is nar- 
row and the fixed tuned filter referred to in the 
TWT description above is no longer necessary. 
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Figure 6-17. Typical R-F and !-F Noise Figure Performance 


6-3.3.10 Parametric Amplifier 


This type of amplifier is used as a low noise 
front end over a wide frequency range. It de- 
rives its action and benefits through the use of a 
variable reactance which is analagous to the 
variable resistance of ordinary diodes. By means 
of a high level local oscillator or “pump”, this 
reactance (usually a capacitance) is caused to 
vary in synchronism with pump frequency. 
When a signal frequency is properly introduced 
into this circuit, energy from the pump is trans- 


ferred to that of the signal frequency so that 
the output appears amplified. 


Because this type of amplifier has a high d-c 
resistance, it does not have a crystal current 
monitoring possibility such as ordinary mixer 
diodes do. This means that some other tests for 
ascertaining the drive level must be in subse- 
quent circuitry. The high impedance level of 
this amplifier offers a considerable low noise ad- 
vantage since little noise current flows through 
the diode; thus, the shot noise is minimized. 
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TYPES 

One of the earliest types of parametric ampli- 
fiers used was the so-called up-converter. This is 
the technique whereby a UHF frequency is up- 
converted to X-band by means of an X-band 
pump. The gain is directly proportional to the 
ratio of the sum of the pump frequency and the 
carrier frequency over the carrier frequency. In 
addition to the up-converter there are several 
other types of parametric amplifiers. Among 
them are the straight through amplifier whereby 


the input frequency is kept the same as the out- 
put frequency. This is a form of regenerative 
amplification and gains of 16 to 25 db have beer 
realized over a very narrow band. This narrow 
band incidentally is one of the principal draw- 
backs of this method. The next type of para- 
metric amplifier is the down-converter which is 
analagous in action to that of the common crys- 
tal converter. However, very little experimenta- 
tion has taken place in this area and little knowl- 
edge concerning the overall characteristics of 
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Figure 6-18. Typical Parametric Up-converter 
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this operation is available. A final type of para- 
metric amplifier is the TWT parametric ampli- 
fier. This amplifier is reasonable broad band. 
(2 percent bandwidths are not unusual.) The 
amplifier itself is made up much like an ordi- 
nary ‘'T'WT but its action depends on fast wave 
characteristics and their inter-action with a 
two times signal frequency pump source. In- 
sufficient experimental data is available to de- 
scribe the performance which can be expected 
of the TWT parametric amplifier. 

By virtue of its versatility and inherent stab- 
ility, the up-converter seems to be the most 
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promising type of parametric amplifier. A block 
diagram of such a typical system is shown in 
Fig. 6-18. Fig. 6-19 shows the receiver noise 
figures with and without parametric amplifiers. 


POWER HANDLING CAPABILITIES 


A less publicized advantage of the parametric 
amplifier over other types of receiver head ends 
is their power handling capabilities. Experi- 
ments have indicated these devices should be 
capable of handling CW power levels up to 10 
watts peak with a peak power level of almost 
100 watts. This is several orders of magnitude 
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Figure 6-19. Typical Receiver Noise 
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better than any crystal or low noise tube and 
should make it possible for this device to become 
the eventual substitute for either tube or crystal 
front end. 


ADDITIONAL DESIGN INFORMATION 

Performance characteristics and other infor- 
mation concerning the parametric amplifier are 
available only in a few trade magazines such as 
IRE and internal company reports by those com- 
panies leading the investigation of the field such 
as General Electric, Bell Telephone, RCA and 
IBM. 


6-3.3.11 Maser 

The maser is another type of high sensitivity 
low noise front end which may have some spe- 
cial applications where weight and complexity 
are not design considerations. The maser ampli- 
fier differs from r-f amplifiers and other low 
noise front ends in two main ways. First, they 
make use of bound electrons rather than free 
electrons; second, they use r-f energy rather 
than d-c energy as a source of power for ampli- 
fication. The magnetic moments of electrons in 
a stimulated emission state are the basis for the 
operations of the solid state maser. 

The maser together with the parametric am- 
plifier in its simplest form acts as a negative re- 
sistance. This means that it forms a regenera- 
tive amplifier and as such has a characteristic 
that the square root of power gain times band- 
width is a constant. The maser has one major 
defect: in order to have the full benefits of its 
operation, it must be operated in an atmosphere 
of either liquid helium or liquid nitrogen. In ad- 
dition it requires a piece of material which has 
appropriate energy levels when placed in a d-c 
magnetic field. An assembly is also required that 
will not attenuate the strong r-f magnetic fields 
in the vicinity of the maser cavity. These three 
characteristics may limit employment of the 
maser in radar systems. 


6-3.3.12 Sources of Noise 


To the receiver designer one of the most im- 
portant considerations is seeking a means to 


overcome all sources of noise. The sources of 
noise can be categorized as follows: 


(a) tube noise itself 
(b) crystal converter or mixer noise 
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(c) local oscillator noise 


(d) man-made interferences 
(e) natural noise 


TUBE AND TRANSISTOR 


In determining the initial noise figure of am 
i-f amplifier, tube and transistor noise is the 
major contributing factor. The noise may be of 
two kinds. The first of these is shot noise and 
exists because of irregularities in flow of the 
electron stream itself. The second is partition 
noise generated from separation of electrons 
from the flow which in turn induces voltages 
within grids or causes electrons to be emitted. 
Shot noise can exist in any kind of an electron 
stream, but because it has fewer external con- 
nections, a triode will ordinarily be much less 
noisy than a pentode or tetrode. Shot noise also 
occurs in microwave diodes but since there is no 
noise due to separation of the electron stream, 
partition noise can be largely ignored. 


LOCAL OSCILLATOR 


This is the noise which may be present in the 
local oscillators signal itself. In a good local os- 
cillator at UHF band, the signal-to-noise ratio 
is ordinarily high enough so that this source of 
noise can be neglected. However, in the reflex 
klystron which ordinarily serves as a local os- 
cillator for microwave signals, the signal]-to- 
noise ratio is not high enough so that this source 
of noise can be ignored. Some means such as the 
balanced mixer, described earlier, or some other 
means must be used to cancel out local oscillator 
noise. 


MAN-MADE 

There are several man-made sources of noise 
interference which must be considered in the re- 
ceiver design other than those which are gen- 
erated by jammers. These include spark caps, 
distributors, and other similar types of arc- 
producing, hence noise producing circuitry. 
These man-made r-f interferences are ordinarily 
taken care of in the overall system design, so 
that by proper filtering on the a-c and d-c lines 
and utilization of shielded coaxial circuitry, they 
can be minimized. 


NATURAL 


Extremely quiet microwave amplifiers com- 
pels a closer examination of the noise sources 


eel aE 


vhich proceed the first low noise amplifier. 
“hese are the so-called natural noises. New de- 
igns involving characteristics which work to 
ninimize this noise and maximize the incoming 
return signal must be given careful study. All 
the noises arising in the free space path from 
outer space to an antenna itself and the an- 
tenna’s coupling to the first low noise amplifier 
must be considered. 


S 


An examination of the problem reveals that 


there are basically eight natural sources of 
noise: 


(a) 
(b) 
(c) 


the sky 
re-radiation from absorbing medium 


leakage from a warm earth and a minor 
lobe pattern antenna 


(d) poor radiation from a warm earth scat- 
tered by particles into the main lobe of 
the antenna 


(e) finite conductivity of metallic antenna 
surfaces 

(f) finite conductivity in transmission lines 
between the antenna and the low noise 
amplifier 

(g) forward losses to any required duplexing 
components 

(h) leakage from transmitter output stage to 
the converter 


For many applications it is necessary to de- 
sign a system where the sum of the external 
noise temperature is very much less than sky 
noise temperatures. A rule of thumb for this 
discussion should be to keep the individual 
excess noise temperatures at one order of mag- 
nitude less than the anticipated sky noise tem- 
perature. 

The noise sources listed above can be described 
and catalogued as three types: 


(a) transmission losses which form losses 
appearing in the antenna transmission 
lines and the duplexer 

(b) the so-called warm earth noises which 
are those noises generated by the warm 
earth itself which reach the antenna 

(c) radiation originating from beyond the 
ionosphere 

This latter noise appears to be so fundamental 

that there seems to be no way of avoiding it. In 
the evaluation of sky noise, indications are that 


only 0.01 percent of the sky hemisphere has 
noise sources greater than 300°K, 2.5 percent 
are greater than 100°K and only 7 percent are 
greater than 25°K. Therefore, any object at- 
tempting to avoid detection by microwave equip- 
ment must avoid being observed against this 
predominately cold sky background. Obviously 
this condition is going to be difficult for most 
targets to accomplish. While sky noise is or- 
dinarily considered as random and stretching 
uniformly throughout the frequency spectrum, 
it is actually somewhat frequency dependent. 
Cosmic noise or noise originating outside of the 
ionosphere has a negative slope with respect to 
frequencies so that when frequency is increased, 
less and less of this noise will cause troubles in 
a receiver. However, a more positive slope oc- 
curs when an examination is made of at- 
mospheric noise characteristics generated by 
lightning or other similar natural sources. 


6-3.3.13 Measurement Techniques 


Another problem of the receiver designer is 
knowing whether the results for which he has 
designed have been achieved. It is possible for 
the designer of i-f circuitry to be deceived and 
misled as to the type of results he is obtaining. 
All equipment used in testing must be brought 
to a common low impedance ground. Failure to 
properly accomplish this basic and initial con- 
dition can make any later measurements and 
design efforts of little or no value. 


In order to determine both the shape and the 
width of the receiver bandpass one of the most 
convenient means available to the designer is 
the swept oscillator. This in many instances 
feeds to the amplifier itself a constant or nearly 
constant signal output whose frequency is made 
to vary linearly. When this is fed into the re- 
ceiver and the detected output together with the 
synchronous sweep is fed to a scope, the overall 
bandpass can be determined quite accurately. 
The reading of bandpass can be determined ac- 
curately by means of markers preferably gen- 
erated external to the sweep generator itself and 
fed not to the amplifier but into the final detector 
itself and hence into the scope without passing 
through the amplifier. Interactions of any AGC 
loops and the swept oscillator must be mini- 
mized for the measurements to have any signi- 
ficance. 
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One of the best means of measuring gain of a 
receiver is by means of a modulated signal. 
Most signal generators have a capability of 
being modulated at either 400 or 1000 cycles. In 
the detection of this envelope and its variation 
as the input signal level is changed, the designer 
can use the insertion method of measuring re- 
ceiver gain. This can be done by placing a step- 
attenuator whose steps are accurately known 
between the signal generator and the test re- 
ceiver. An initial level is set using a traveling 
detector. Then the receiver itself is inserted be- 
yond the attenuator and sufficient attenuation 
inserted so that the original signal level is re-set 
at the output of the traveling detector. 
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An oscilloscope examination of the overal 
swept bandpass of a receiver using the swee} 
generator described above should give a bamd- 
pass which, if the receiver is properly designed. 
will approach the desired bandpass very closely. 
Sharp peaks and valleys in the top sides of this 
bandpass are ordinarily indications of some ty pe 
of undesirable regeneration. It should also be 
possible in a good receiver design to adjust the 
output of the amplifier by means of grid bias 
control through its entire range of adjustment 
so as to be certain that no unusual distortion of 
the overall swept bandpass occurs during such 
an adjustment. 


——_| 
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Figure 6-20. Noise Voltage Versus Overall Bandwidth 
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-3.3.14 Tables and Graphs 


A set of tables and graphs which cover some 
»f the basic design elements is included as a final 
part of this section. The first of these, Fig. 6-19 
shows the up-to-date performance of receivers 
with their noise figure optimized versus fre- 
quency. The upper line of the graph shows the 
receiver capability without using a parametric 
amplifier head end; the lower line shows the 
anticipated performance if a parametric ampli- 
fier is added to the receiver. Since it forms a part 
of the receiver designer’s basic information 

several forms of curves showing the variation 
of Johnson noise with overall bandwidth are in- 
cluded in Fig. 6-20. Table 6-3 shows some dy- 


namic range versus receiver type and the final 
graph showing phase shift versus AGC is shown 
as Fig. 6-21. This is often an important design 
consideration for monopulse receivers. 


It is impossible in such a short discussion to 
give more than a broad brush to all facets of 
receiver design. For those wishing to delve into 
additional design considerations, references 44 
through 54 give a broad enough coverage so that 
the receiver designer should be able to find most 
of the design principles he needs. Of invaluable 
use to the beginning receiver designer are Vol- 
umes 23, 18 and 16 of the MIT Radiation Lab- 
oratory Series. 


TABLE 6-3. 1-F AMPLIFIER DYNAMIC RANGE CAPABILITIES 


DESIGN WITH NO 
SPECIAL 
PRECAUTIONS 


I-F AMP 

TYPE 
LINEAR 
LOG 
AGC 





DESIGNED WITH 
SPECIAL 
PRECAUTIONS 
65-70 db 

100 db 


80-100 db 


6-43 
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Figure 6-21. Differential Phase Shift Versus Gain Bias 


3.4 DETECTION 


5-3.4.1 General 


The detection of a radar signal implies the 
discovery of echoes from a target. Detection 
may be accomplished either by an operator 
using visual indicators, or automatically by 
electronic detection circuitry. Several methods 
of detecting the signal are presented in this sec- 
tion along with design curves for calculation of 
the range at which a target can be detected to a 
specified degree of certainty cr probability. 
For most radar systems an understanding of 
detection as defined above requires understand- 
ing of the signal processing from the i-f ampli- 
fiers to the visual indicator or threshold detec- 
tion device. Several typical block diagrams of 
this are shown in Figures 6-22 and 6-23. 
When a target return is not related or refer- 
enced to the transmitted signal in phase and 
frequency, then the system is said to be non- 
coherent and the detector detects the envelop 
of the return signal. If, however, the return 
signal is referenced to the transmitted signal in 
phase and frequency, the return signal is co- 
herent and may be detected by referring to the 
phase of the transmitted signal. 

The probability of detection of a target for a 
given range may be increased by integration 
(adding) of the target returns for a period of 
time (integration time). The signal can be in- 
tegrated in the r-f stages, in the i-f stages, or in 
the video stages. Furthermore, there can be one 
or more linear or square law detectors present 
and the integration can be done in one or more 
steps and in at least two different ways. For- 
tunately, the various cases show little difference, 
with one marked exception. R-f and i-f integra- 
tion are better than video integration for small 
signals (compared to noise). Tio take full advan- 
tage of 1-f or r-f integration, the successive re- 
ceived pulses must be coherent. 

Practical types of pulse integrators often take 
the form of narrow band audio filters having 
their center frequency at the pulse repetition 
frequency or some harmonic thereof. The action 
of such a filter can be understood by considera- 
tion of the frequency spectrum of a finite group 
of N pulses. The envelope of such a spectrum is 


simply the familiar Sm * curve of a single pulse 
x 


a_i 


where the actual curve has appreciable values 
only in the neighborhood of the harmonics of 
the repetition frequency. The greater N, the 
more closely the spectrum cluster around these 
harmonics. Thus, the filter may be made nar- 
rower, excluding more and more noise, but re- 
taining most of the signal energy. 


6-3.4.2 Non-coherent Integration 


Detection of a target may be accomplished 
either by an operator using a visual indicator 
such as an oscilloscope, or automatically with 
the aid of an electronic threshold detector. Ra- 
dar performance with visual detection is dis- 
cussed below in terms of a visibility factor, V, 
which is evaluated by experimental data using 
operators observing indicator displays. Auto- 
matic detection processes based on mathematical 
calculations of the radar detection range will 
then be described. 


VISUAL DETECTION 
The range ae may be written 
= R= | G")2 A, % 
(4x)? - TB NF Vd 


where V is the visibility factor. All the factors 
described in the expression have been explained 
(see paragraph 6-2) except the term V. This 
factor can be viewed as a quantity which is 
chiefly concerned with the human reaction ex- 
hibited by a radar operator as varios system 
parameters are varied. The parameters of V 
which contributes a major influence on the per- 
formance of the radar system are: 


(a) product of i-f bandwidth and pulse length 
(BT?) 


(b) video bandwidth and sweep speed 
(c) pulse repetition frequency (f,) 


The effects of V will be more fully explained 
in paragraph 6-4 and the relationship 


vV— Ww (1+ 1)]? x [38 0.871 
o_o BT p x [FI 


will be derived and a sample calculation on a 
radar system using visual detection will be 
illustrated. 

Automatic detection of a signal is accom- 
plished with the aid of a threshold device set to 
some predetermined bias level. The signal is 
detected when the output of the receiver exceeds 


(6-16) 


(6-17) 
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(c) PULSE SYSTEM WITH CIRCULATING VIDEO INTEGRATOR 


Figure 6-22. Examples of Basic Non-Coherent Systems, Block Diagram 


this bias or threshold level. The bias level how- 
ever, will be occasionally exceeded by noise alone 
and an erroneous detection or false alarm oc- 
curs. The average time between the intervals 
when noise alone exceeds the bias level is defined 
as the false alarm time. 

The curves for finding the detection range for 
any specified probability of detection are based 
on calculations of the probability of the target 
(plus noise) exceeding the bias level, the bias 
level having been determined by the false alarm 
time. 
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Because of the complex echoing surface of 
many radar targets, the return echoes fluctuate 
in amplitude. The means of calculation of range 
as given here are based on the assumption that 
the returned signal energy per pulse is constant 
for the time on target during a single scan but 
fluctuates independently with a Rayleigh distri- 
bution from scan-to-scan.*5 


*>Based on Swerling’s Case I. This case gives the most 
pessimistic results for range. Swerling’s Case II, in 
which the target fluctuates from pulse-to-pulse with a 
Rayleigh distribution would be applicable to a radar 
system employing pulse to pulse frequency agility. 
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Figure 6-23. Examples of Basic Coherent Systems, Block Diagram 


The probability of detecting a target at a 
given range has been shown to be essentially the 
same whether a square law or linear detector is 
used in the receiver. 

To determine the range at which a target may 
be detected for a non-coherent pulsed radar sys- 
tem, the range equation may be written as: 


— [Pa GER Ac =|" 
~ L(4x)8KT NF BTS =X (6-18) 


For a pulsed signal, the signal-to-noise ratios 
given above are valid for BT;=1. The optimum 


condition occurs at BT,=1, which will be 
assumed. 

All the parameters of the radar system are 
known except X. The value of X can be obtained 
as a function of the probability of detection 
and of two other parameters, n and N, which 
are the false alarm number and the number 
of pulses integrated respectively. n and N may 
be calculated using the following procedure: 


(a) Determine the integration time (T,). 
This will be a function of any system require- 
ment which limits the time the target is in the 
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beam — for example: scan rate, antenna beam- 
width, and target velocity. It will be assumed 
that pulses are integrated over the full detec- 
tion time. 


For a scanning antenna, the integration time 
may be calculated as: 


(a (6-19) 


where w is the antenna rotation velocity. 

For a moving target, the pulses are chang- 
ing in range and will not contribute at all to 
the integration when the range has changed by 
a pulse length. The integration time is calcul- 
ated by assuming the pulses contribute their 
full amplitude when they are 1% the distance 
where they just fail to overlap, which results in: 

/ ee ST c_ 

Av 

(b) The number of pulses integrated may 

now be calculated: 


N= Tf, 


(c) The false alarm number, n, defined as 
the number of independent pulses of noise that 
occur during the false alarm time, may now be 
calculated. If the range sweep is continuous 
(no dead time within the repetition period), 
then 


(6-20) 


(6-21) 


* 
n = 0.693 Lt2— 
T 


Pp 


(6-22) 


If the range sweep length or range under 
surveillance does not occupy the total time be- 
tween repetition pulses, then: 


n= 0.698 Ti, from (6-23) 


(6-24) 





Where n = sa 
cT 


Pp 
and L is the range sweep length. 


To calculate the range, we may rewrite X as: 


10 log X = C(P,y) —I(",N) (6-25) 


*0.693 is a constant resulting from the definition of 
false alarm time. The definition as given here, average 
time between false alarms, differs from Marcum’s defi- 
nition of being the time in which a false alarm has a 

0.50 probable chance of occuring or P;. = (1 — P)* 

— %, 
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C is the certainty loss, ie.,the penalty i 
range for increased certainty of detectings a tar 
get. J (integration gain) is the increase in sy: 
tem performance resulting from the integra 
tion. 

The range equation may be written simpl 
as: 


% ae 

10 log R = 10 log nF eget Aen 
(4x)* KT NF jf, 4 

(6-26) 


where values for J and C can be obtained from 
Figure 6-24 and Figure 6-25. These values of 
I and C are plotted based on the following as- 
sumptions: 

(a) square antenna beamshape 

(b) perfect integration 

(c) integration time equals detection time 

(d) BT,=1 

A typical beamshape was taken from refer- 
ence 56 and compared to the results found with 
a square beam. Calculations show a loss of ap- 
proximately 2 db (N = 10) in signal-to-noise 
ratio for a shaped beam compared to an assumed 
square beam shape; therefore, this loss may be © 
subtracted for calculations assuming a shaped © 
beam. 

Similar calculations show that an exponential 
integrator, one which discharges on an expo- 
nential curve, has a loss of approximately 1.8 
db compared to the perfect integrator. This cor- 
rection may be used for systems employing ex- 
ponential integrators. 

An optimum system results if pulses are in- 
tegrated over all of the time available for de- 
tection. However, this is not always practicable. 
The amount of loss incurred if the detection 
time is greater than the integration time is in- 
dicated from Figure 6-26, where y is the total 
number of pulses available during the detection 
time. The loss may be approximated from the 
curve. See reference 4 for a more exact calcu- 
lation. 

For a continuous wave system, the range 
equation may be written as: 


2 % ee 

10 log R = 10 log)——Pr GR Ac __ | I~C 
(4x)®KT NFS Afenl | 4 

(6-27) 
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Figure 6-24. Integration Gain 


where Af... is combined r-f and i-f bandwidth 
of the receiver. An optimum CW system re- 


sults if T, =—— 
Af ew 


is assumed to equal the detection time. The 
number of chances for a false alarm in the false 
alarm time is: 





where the integration time 


n = 0.693 Ty, - Af ew (6-28) 
N =1 as shown by: 
N=T Af. =1 (6-29) 


I (n.N) may now be found from Figure 6-24 
and C from Figure 6-25. 

The basic block diagrams of three non-coher- 
ent systems were given in Figure 6-22. 

Figure 6-22a shows a continuous wave sys- 
tem which may be analyzed directly by the tech- 
niques described for a CW system. 

Figure 6-22b shows the basic pulsed radar 
system. Different techniques may be used for 
instrumenting the range gate, such as a single 
gate, several gates, or a single moving gate 


scanning over a range. In terms of the type of 
gate used, » (see equation 6-24) may be more 
clearly written as: 

2m 


i 


(6-30) 
Cc 


where m is the number of gates. This requires 
that the gate width is equal to the pulse width. 

Figure 6-22c is a system employing a recir- 
culating video integrator in which x is less than 
one to prevent regeneration. The advantage of 
this system is that integration before gating 
may be used thereby requiring only one inte- 
grator. This integrator is an exponential inte- 
grator. The integration time may be calculated 
as: 


1 


a es ae (6-31) 
f E 


r 


Equation 6-31 may also be applied for systems 
using a simple RC filter, that is: 


N 


r 





L= AC = (6-32) 
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Figure 6-26. S/N Ratio Loss, Detection Time Greater than Integration Time 


As a simple example for determining the de- 
tection range for a target, the following data 
will be assumed: 


vy = maximum target radial velocity = 
350 mph 

w= angular rate of antenna = 30°/sec 

® = antenna beamwidth = 3° 

f, = pulse repetition rate = 500 pulses/sec 
T, = pulse length = 1 microsecond 
T;, = false alarm time = 10 min 

T, = required detection time = 25 sec 

L = surveillance range = 20-80 miles 


Assume an exponential integrator, a shaped 
antenna beam, and, for simplicity, assume the 


quantity inside the brackets of equation 6-26 
is 404 miles, i.e.: 


10 log F = 10 log (40')* + 7—* (6-33) 


Find the range for a detection probability of 
50 percent and 90 percent. 
The integration time is determined as: 


(6-34) 
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however, from the target velocity* 
—6 
_ Tye = 10-®( 186,000) 3600 — 0.05 sec 


(6-35) 


It is seen for a maximum velocity target, the 
pulses will not overlap for the entire time the 
target is in the beam, therefore, the integration 
time may be set as 0.05 second. 


From equation 6-21: 
N = T;, f, = 0.05(500) = 25 (6-36) 


During the detection time, the antenna will 
scan the target twice, therefore, y, number of 
pulses available for integration during the de- 
tection time, is: 


y = 2(25) — 50 (6-37) 
Since the range of interest is from 20 to 80 


miles, n is calculated from equations 6-23 and 
6-24, 


n — 2898 Tre fp 2h _ 9 693 
cT, 
(10) (500) (2) (80-20) (60) 
(186,000) (10-®) 


=1.3x 108 (6-38) 


Now the detection range may be determined: 


Integration gain (Fig. 6-24) n = 1.3 x 108, N = 25 


Certainty loss (Fig. 6-25) 


Additional factors: y/N = 50/25 = 2 (Fig. 6-26) 
Loss of shaped beam compared to square beam 


Loss of exponential integrator compared to perfect integrator 


TOTAL 


Then: 
3.8 


% 
10 log Reo; = 10 log 40: (6-39) 


therefore 


Rio, = 32 miles 


*It should be recognized that a maximum velocity tar- 
get will move approximately 1.2 miles from scan-to- 
scan making this calculation pessimistic for incoming 
targets. For an analysis of the effect on the probability 
of detection of a target moving from scan-to-scan see 
paragraph 6-4.6. 
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and by similar computations: 


Roo =< 20 miles 


6-3.4.3 Coherent Integration 


GENERAL 

Several examples of coherent systems w- er 
given in Figure 6-23. In this section the method 
of calculating the detection range for non 
coherent systems will be extended for makin: 
similar computations for coherent systems. Thai: 
is done by making direct use of the precedim<z 
figures and adding any necessary corrections- 

For initial system design, having comparisons 
of alternatives in clear form is sometimes more 
valuable than a means of exactly calculating 
performance of a specific system. One such com- 
parison is the relative performance of post- 
detection and predetection integration. Figures 
6-27 and 6-28 are taken from reference 57 and 
illustrate this comparison quite clearly. The 
integration loss is defined as the ratio of signal 
required for a given probability of detection 
when post-detection integration is used to the 
corresponding signal required if predetection 


P,=50% P,— 90% 
—1.5 —1.5 db 

0 —8.0 db 

41.5 +1.5 db 
—2.0 —2.0 db 
—18 —1.8 db 
—3.8 —11.8 db 


integration is used. N represents the amount 
of post-detection integration in the first case, 
and may be considered as either a number of 
pulses or as a bandwidth ratio. It is interesting 
to note that the integration loss varies little 
with either the false alarm time or the prob- 
ability of detection. 


RANGE CALCULATION 

The CW system of Figure 6-23a is basically 
the same as the non-coherent CW system. Hovw- 
ever, several narrow velocity filters or Doppler 
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Figure 6-27. Integration Loss, Non-Coherent Versus Coherent (Probability of Detection) 


filters have been added. The false alarm num- 
ber then becomes 


n= 0.6938 T,, f,N (6-40) 
where N is the number of velocity filters and f, 
is the bandpass of the filters. N may be calcu- 
lated as before but by replacing A f,,. with fa 

N=T; fa (6-41) 
Equation 6-27 may now be employed for 
determining the range. 


The system of Figure 6-23b uses a phase 
detector to convert the signal to video. It is 
seen that this system does not retain the sign 
of the radial range rate; that is, outgoing 


targets are indistinguishable from incoming 
targets. 


After gating, the noise power spectrum is 
approximately flat to & The Doppler filter will 
increase the signal-to-noise ratio by a factor of 
rie Equation 6-26 then becomes 

| Pov Gh? A, _ i i-c 
(4x)? KT2f,NF 3 4 


(6-42) 


As before, N = 7;f, and the false alarm num- 
ber is 


r= 0.693mp T 40 ta 


10 log R = 10 log 





(6-43) 


Where m is the number of gates and p is the 
number of Doppler filters. 


The system of Figure 6-23c employs gating 
before the final mixer. Each range gate is 
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INTEGRATION LOSS— db 


P =0.90 = PROBABILITY OF 
DETECTION 
n= FALSE ALARM NO. 





N, NO. PULSES INTEGRATED 


Figure 6-28. Integration Loss, Non-Coherent Versus Coherent (False Alarm) 


followed by a filter 6B of bandwidth f, centered 
at the first i-f frequency. It is seen that the 
sense of the target range velocity is preserved. 
The signal-to-noise ratio is improved by f,/fa 
in going from the first i-f to the detector which 
is twice the improvement of the preceding 
system. For a given velocity range under sur- 
veillance, this system, however, must monitor 
twice the Doppler frequency band as the pre- 
ceding system (assuming both positive and 
negative range rate targets are of interest). 
Equation 6-42 may be employed directly by 
removing the 2 in the denominator. It is seen 
that this system gives a 3 db improvement in 
signal-to-noise ratio. 

An extention of the foregoing analysis may 
be used to analyze the detection performance 
of other systems. 
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6-3.4.4 MTI Detection 


GENERAL 


The fundamental objectives in the design of 
an MTI radar are: 


(a) maximum detection sensitivity to moving 

targets in clutter 

(b) maximum cancellation of undesirable 

moving objects such as chaff 

The purpose of this section is to give a basic 
understanding of MTI techniques and the basic 
method for calculating the performance of an 
MTI system. 

MTI is based on the principle that the return 
signal from a moving target is different from 
that of a stationary target. MTI receivers use 
this difference (the Doppler effect) in one form 
or another.®§ 


—e— 
a 


In paragraph 6-3.4.1 it was noted that in a 
»herent system, the signal may be detected 
rith a phase detector instead of an envelope 
etector. The amplitude of phase detected 
ideo varies as a function of the target velocity, 
ince the amplitude of the signal is proportional 
.O the phase difference between the transmitted 
ind received signal. 


Thus, if successive phase detected returns 
(M’TI coherent video) are subtracted, a moving 
target will yield a finite residue since the 
successive video pulses vary in amplitude, but 
a stationary target will not yield a residue 
Ssimce the successive video pulses do not vary 
im amplitude. It would then seem that the ratio 
of the residue from a moving target is infinite 
compared to a cancelled stationary target. Un- 
fortunately, this is not true for two reasons. 

It may be that at times the residue of a moving 
target is zero. Secondly, it is not possible to 
obtain complete cancellation of so-called sta- 
tionary targets. — ‘ 
The residue of a moving target becomes zero 
because of the radar’s velocity nulls or blind 
speeds. Velocity nulls occur when the moving 
target has a radial velocity such that the Dop- 
pler frequency is an integral multiple of the 
prf. The first null occurs at: 


yj 


3 (6-44) 


Thus the target appears to be stationary 
when it travels a distance of 4/2 or a multiple 
of 4/2. 


Range redundancy occurs when a system’s 
range capability exceeds the range correspond- 
ing to the pulse repetition period. With a normal 
coherent system, the transmitted pulse is 
randomly phased but obtains coherence with the 
received signal by locking the coherent oscil- 
lator. Since the system locks the coherent oscil- 
lator with each transmitted pulse, then second 
time around (and higher order) targets are not 
coherent, but random in phase. Therefore they 
produce a residue from pulse-to-pulse. 

Poor cancellation of stationary targets results 
from two basic reasons: 


(a) instability of radar components 


(b) returns from stationary targets appear 
as returns from moving targets due to 


internal motion of the targets, scanning, 
and radar platform motion 


Instabilities of the radar components include 
variations in the prf, r-f frequency stability, 
cancellation equipment stability, etc. These 
cause pulse-to-pulse variation in the return 
signal. 


The frequency spectrum of the internal 
motion of stationary targets, for example, are 
generated by trees and their leaves moving in 
the wind, waves in the ocean, and clouds slowly 
moving. Furthermore, when the antenna scans 
the target, the echoes from stationary targets 
vary due to the beam pattern and due to a 
finite number of hits on a given target. 


Thus, the moving target in an MTI system 
is masked by radar instabilities (including 
velocity nulls and range redundancy), clutter 
due to environment, and scanning clutter. 


CANCELLATION RATIO AND SUB-CLUTTER VISIBILITY 


Two figures of merit for MTI performance 
are cancellation ratio and sub-clutter visibility. 


The cancellation ratio (CR) is generally 
measured by presenting a pulse train to the 
cancellation equipment. The CR is then defined 
as the ratio of the output signal residue to the 
input signal (after accounting for latent loss 
or gain). It is seen that this is analogous to 
receiving returns from a truly stationary target 
by the cancellation equipment. This is a measure 
of the stability of the cancellation equipment 
and does not include the transmitter and re- 
ceiver noise or stability. A more complete 
measurement would involve pointing the an- 
tenna at a fixed target, but such a target is 
hard to find and care must be exercised for 
the results to be meaningful. 


Sub-clutter visibility (SCV) is defined as the 
ratio of input power from clutter to input power 
from a moving target for equal power outputs 
from the cancellation equipment. SCV gives a 
measure of how much clutter, both internal 
and external, can be present without completely 
obscuring a moving target. The clutter spectrum 
will vary with radar location and radar range 
at a particular location and care must be taken 
to specify the clutter spectrum when quoting 
SCV. 


6-55 


In some cases, the SCV is defined as the ratio 
of the input power from a fixed target and from 


an optimum speed target ( v= +t) for equal 


power outputs from the cancellation unit. This 
is an optimistic figure for SCV since it com- 
pares the strongest moving target signal with 
a clutter that is proportional to only the radar 
instabilities. 

In order to predict the operation of an MTI 
radar in its natural environment, a theoretical 
set of calculations for SCV can be made. In 
these calculations the CR is assumed infinite. 
If the CR is known, then the actual SCV can 
be found as: 


SCV (actualy L 1 = (6-45) 


SCV (cr=«) CR 


CALCULATION OF CLUTTER ATTENUATION 


The amount of clutter attenuation is found 
by multiplying the unit pulsed clutter spectrum 
by the unit power response of the MTI system 
and then comparing the power of the original 
clutter spectrum with the power of the residue 
clutter spectrum. Thus the clutter attenuation 
on a power basis is given as: 





"Wi een] | ar 
— = ie (6-46) 
- W(f) df 


W (f) = pulsed clutter spectrum (normalized) 


A(f) =velocity response characteristic 
(transfer function of cancellation 
unit, normalized) 


| (f)|? = power response of MTI cancella- 
tion unit 


By assuming infinite CR, the only clutter 
present will be clutter external to the radar 
and scanning clutter. The clutter spectrum 
shape is usually assumed Gaussian, with a 
standard deviation proportional to the type of 
clutter present. Nomographs for internal motion 
clutter and for scanning clutter are shown in 
Figures 6-29 and 6-30. 
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SAMPLE CALCULATION FOR SINGLE PULSE 
TO PULSE CANCELLATION 


The unit power response for a MTI syste 
is found by squaring the magnitude of t. 
velocity response characteristic. The veloci 
response characteristic for a single delay 111 
cancellation unit (see Figure 6-3la) is show 
in Figure 6-31b. This response may be obtaine 
simply by noting that the video pulses from th 
MTI receiver are amplitude modulated at 
Doppler frequency f,. Thus the pulse amplitud 
at a time ¢ is given by: 





¥i, = cos Wat (6-47) 
and for the next pulse: 

Y2 = cos W,(t + T,) (6-48) 

T,= pulse repetition period (6-49) 
The cancelled video pulse is therefore: 

y =2sin = sin W, ( 4 =) (6-50) 


The magnitude of the cancelled pulses will be: 


y =2sin 


(6-51) 

Thus, as fz goes from —o to +0, R will be 
a series of positive half sine waves. 

As was mentioned previously, the unit power 
response curve may be found by squaring the 
velocity response curve. For single cancellation 
this would be in the form of 4 sin? Wt. 

The clutter attenuation for a single cancella- 
tion unit is thus given by: 


f- + Wf) df 


a= ge ge (6-52) 
4 f = W(f) sin? —<* af 


For an example of this calculation consider 
the following: 

Let: f, = 3,000 mc (A = 10 cm) f, = 900 cps 
With heavily wooded hills and 20 mph wind the 
frequency spread of the clutter due to internal 
motion is ojm = 5 cycles/sec. (found in Figure 
6-29). 

If the scan rate is 6 rpm and if the antenna 
diameter is 4 feet, then frequency spread of the 
clutter due to scanning is o, = 2 cycles/sec. 
(found in Figure 6-30). 
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Figure 6-29. Clutter Frequency Spread Due fo Internal Motion Noise, Nomograph 
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Figure 6-30. Clutter Frequency Spread Due to Scanning, Nomograph 


The total clutter frequency spread is found 
from: 


oc = im? + Oa" (6-53) 

0.7 = 29 (6-54) 

The normalized power spectrum of the clutter 
18: 


W(f) = 





op 2 
E -O. 


a oon) 


6-58 








or in this case: 
Wf) Boag a5 (6-56) 
= 58 = 
\/58n 


The power response for the single delay cancel- 
lation unit is: 


Will — 4 sin? 
2 


fa 
900 





| H (f) |? =4 sin? (6-57) 
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Figure 6-31. Pulse-to-Pulse Cancellation and its Velocity Response 


The clutter attenuation is given by: 
20 ft 
af sue sees ~ 38 gin- Sa df. 
0 58x 900 


2 1 ape i 
————— 58 d 
J, \/B8x fa 6.58) 
The CW clutter spectrum can be used in place 
of the pulsed clutter spectrum as long as the 





a | 


co. of the clutter is much less than the pref. 
Limits of 0 to o may be used for the integrals 
under their stipulation also. 


Thus 
1/2 \/ 58x 
— = 
4[1/4\/58(1—e )| 
— 7000 = 38.5 db (6-59) 
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SYMBOLS 
video bandwidth 
receiver i-f bandwidth 
velocity of light 
certainty loss 
frequency 
Doppler bandwidth 
pulse repetition frequency 
combined r-f & i-f bandwidth 
antenna power gain (one way) 
velocity response characteristic 
integration gain 


Boltzmann’s constant « absolute tem- 
perature 


range sweep length or range under 
surveillance 


number of range gates 
false alarm number 
number of pulses integrated 
receiver noise figure 
number of Doppler filters 
peak transmitter power 
probability of detection 
average transmitter power 
range 

integration time 

pulse length 


false alarm time (average time be- 
tween false alarms) 


radical target velocity 

visibility factor 

pulse repetition period 

antenna rotation velocity 
Doppler frequency (radians/sec) 


pulsed clutter spectrum 


x signal-to-noise ratio 

Yy pulse amplitude 

a attenuation 

6 filter bandwidth 

Y total number of pulses available du z-— 
ing the detection time 

1) dimensionless loss factor which ac— 
counts for atmosphere absorption, r—= 
plumbing losses, etc. 

n number of independent noise samples 
in the range under surveillance 

ry wavelength 

A, mean scattering cross section of target 

Oa frequency spread of clutter from an- 
tenna scanning 

O- frequency spread of clutter 

Sim frequency spread of clutter from clut- 
ter internal motion 

d antenna beamwidth 


6-4 SEARCH RADAR EVALUATION’ 


6-4.1 GENERAL 


This section relates to manual acquisition 
search radars; automatic acquisition is con- 
sidered in paragraph 6-3.4. For the manual 
acquisition radar, the radar range equation is 
modified to include a new factor called the 
discernibility factor, V. 

The minimum discernible peak power re- 
quired for the received pulses to be barely 
visible in the presence of noise is defined as: 


Pin = NF XV X KTB (6-60) 

To determine radar detection range, P, is set 
equal to Prin; 

R— | P, A. G; G, i? % 
(4x)? NF V KT.BL 


All of these factors have been covered ex- 
cept V. 
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6-4.2 DISCERNIBILITY FACTOR 


The discernibility factor (V) can be viewed 
as more or less of a “catchall” quantity which 


chieffly concerned with the human psycho- 
ical reaction exhibited by a radar operator 
3 Various system parameters are varied. A 
2rmprehensive list and discussion of all the 
arameters that should be included in V would 
e@ very lengthy; so, only those parameters 
Vhich contribute a major influence on the per- 
‘Ormance of a radar system will be selected here. 
First the parameters to be considered will be 
lastedé ; the results will be described of controlled 
experiments which have been made in an 
attempt to evaluate their effects. The para- 
meters and effects to be discussed are: 


(a) dependence on the product of i-f band- 
width and pulse length 


Cb) effects of video bandwidth and sweep 
speed 


(c) dependence upon pulse repetition 
frequency 


6-4.2.1 Dependence on Product of I-F 
Bandwidth and Pulse Length 
The noise power which is passed by an i-f 
amplifier is directly proportional to the i-f 
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bandwidth, so that in order to achieve a low 
noise level system, it is desirable to reduce the 
i-f bandwidth to as low a value as possible. On 
the other hand, when one attempts to pass a 
series of repetitive rectangular pulses through 
an i-f amplifier and still retain a faithful repro- 
duction of the pulse shapes in the output, the 
bandwidth of the amplifier must be relatively 
wide so as to pass the major share of the 
contributing harmonics. These two considera- 
tions contradict one another from the stand- 
point of simultaneously achieving the most 
signal and the least noise, but if we are inter- 
ested in the signal-to-noise ratio (S/N), it 
should be expected that there must be an opti- 
mum bandwidth-pulse length product which will 
yield the best value of S/N. One of the best 
means of establishing this value is by direct 
observation of a system employing controlled 
parameters wherein a large number of indepen- 
dent observations are made by many operators. 
The results may then be analyzed on a statistical 
basis and plotted according to any desired prob- 
ability of success. Figure 6-32 shows the results 
of such a procedure. The i-f bandwidth-pulse 
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Figure 6-32. S/N Ratio for Minimum Discernibility as a Function of I-F Bandwidth and Pulse Length 


6-61] 


length product is plotted against the S/N neces- 
sary for a minimum discernible display on the 
basis of 90 percent probability of success. The 
optimum product of i-f bandwidth and pulse 
length is rather broad but centers about the 
value of 1.2. 

The general shape of all the curves is essen- 
tially the same, independent of the pulse repeti- 
tion frequency so that it is possible to curve-fit 
the data on the basis of B and t alone. This has 
been accomplished according to the following 
expression. (This is done in terms of db in order 
to facilitate computations.) 


1 1\7P 
db — 10 log B -( 14 z)| (6-62) 


To illustrate the excellence of curve fit, this 
function is plotted as the dashed curve in 
Figure 6-33. 
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Now, to write this function into the rac 
equation, it is clear that the entire furaction « 


Lr all co 


must appear in the denominator of equation 
6-61. But, upon examination of equation 6-61, 
factor B already appears in its proper place in 
the denominator; hence, only an additionai 
factor is needed of 


1 1 \}? 

Sa ie (ee epee 6-64 

Le (1+ 3)| pee 
Or, if this factor is included in V, 


Va -( 1+ all (6-65) 
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Figure 6-33. S/N Ratio for Minimum Discernibility as a Function of Video Bandwidth and Pulse Length 
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-4.2.2 Effects of Video Bandwidth and 
Sweep Speed 


The effect of limiting the video bandwidth is 
lifferent from the effect of limiting the i-f 
»AN dw idth, even in the case of a linear detector. 
his statement may seem somewhat surprising 
but the linear detector records only the absolute 
value of the i-f envelope so that cross-modula- 
tion products will develop. Thus, the video 
noise emanating from a linear detector will be 
of a different character (Rayleigh) from that of 
the i1-f amplifier (Gaussian) and the effect of 

reducing the video bandwidth will be different 
from the effect of reducing the i-f bandwidth. 

This effect can be illustrated by again returning 

to the statistical results obtained from direct 

experiment under controlled conditions. Figure 

6-33 shows the variation of minimum discern- 

ible S/N which results from varying the video 


(90% PROB) 


S/N (db) NECESSARY FOR MIN. DISCERNABILITY 


0.0! 0.1 


SIGNAL PRESENT. 
TIME = 3 SEC. 





bandwidth-pulse length product (bt). The two 
sets of curves illustrate the effect of fast and 
slow sweep speeds (st), that is, the physical 
length of the signal presented on the CR 
indicator. Each set is plotted for the optimum 
value of Bt (1.2) and two extremes (0.18 and 
11.0). It is clearly shown that as long as the 
video bandwidth-pulse length product (bt) is 
greater than about 0.5, no effect can be placed 
on this parameter. As a result, the bt function 
is not entered in the discernibility factor (V) 
as long as the engineer realizes that the value 
of bt should be greater than 0.5. 


Figure 6-33 also indicates that the sweep 
speed-pulse length product (st) is a factor 
requiring consideration, but only two values 
of st are shown (1.7 mm an 0.05 mm). In order 
to obtain a better view of this function, the 
experimental curves in Figure 6-34 are included 
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Figure 6-34. S/N Ratio for Minimum Discernibility as a Function of Pulse Length 
Presented on Observer's Screen 
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which show the effect of varying st over a 
wide range of values. The results here show 
the selective effect that the observer’s eye and 
brain mechanism have on the observer’s ability 
to distinguish a readable signal under conditions 
of various pulse (and noise) lengths presented 
on the screen. The curves clearly show that the 
observer responds best when the signal and 
its noise are made approximately one mm in 
length. That is, if the eye and brain prefer- 
entially select events having a spatial separa- 
tion of one mm, then the eye and brain mech- 
anism have somewhat the same effect as a low 
pass filter in that they have difficulty in resolv- 
ing events which are closely spaced (or which 
contain high frequencies as far as the eye and 
brain are concerned). 

In present day radar indicators, the presented 
spot size is generally in the vicinity of the 
optimum size of 1.0 mm so that generally this 
effect need not be considered in the radar 
design. For this reason, the spot size function 
is not included in the expression for V as such. 
The reader should be mindful of this effect, 
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however, when and if special cases arise where 
it should be considered. 


6-4.2.3 Dependence Upon Pulse Repetition 
Frequency 

The radar pulse repetition frequency is 
functional in the performance of a radar system 
from the standpoint of both searchlight (where 
the radar antenna beam remains fixed on 
the target) and scanning conditions. For the 
moment, however, this function is considered 
from the standpoint of searchlight conditions 
only, leaving its dependence in the scanning case 
for later discussion. (See Figure 6-35 for 
searchlight conditions.) 

In order to present this function for search- 
light conditions, only the values of Figure 6-32 
need to be cross-plotted at the optimum value 
of Bt = 1.2, thereby obtaining the top curve of 
Figure 6-36 (which describes the function for 
a P1 phosphor). Other experiments have shown 
that a gain of about 1.5 db is obtained when 
a P7 phosphor is substituted for the Pl; thus 
the corresponding results are plotted for a P7 










pe 
Ba 
MBN, 


| PULSE REPETITION RATE FUNCTION (db¢) 





















Figure 6-35. Pulse Repetition Function 
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Figure 6-36. S/N Ratio for Minimum Discernibility as a Function of Pulse Repetition Frequency 


phosphor on Figure 6-36 as shown. Since most 
concern is with the use of a P7 phosphor and 
it is desirable to include its function in the 
discernability factor (V), the prf function for 
a P7 phosphor has been approximated as shown 
by the dashed line in Figure 6-36. This line 
fits the P7 phosphor within approximately 0.5 
db over the range of prf usually encountered 
(50 to 4000 pps), and its expression is 


S/N (db) — — 3.71 logio ua 
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or, in order to include this as a factor of V, 
the expression is rewritten as 


13 " 
a 
prf 


At this point, the discernability factor (V) 
can be formulated for searchlight conditions by 
combining expressions 6-65 and 6-67 into a 
common quantity. Thus: 


v= [2(1+5)] <b 


(For Searchlight Conditions ONLY) 





(6-67) 





0.371 
(6-68) 


As a result, the radar equation for search- 
light conditions is written by combining equa- 
tions 6-61 and 6-68 as follows: 


R= 
P, A. G, G, 22 


(ay WF RTB[T(, 41)" [ey 


(For Searchlight Conditions ONLY)®* 





(6-69) 

6-4.3 INFLUENCE OF SCANNING 

When the radar antenna is made to scan 
through a target at a particular rate, the sig- 
nal presentation time (and hence the number 
of signal pulses) will be vastly reduced from 
those values obtained under searchlight con- 
ditions. The chief parameters are: 

(a) the scanning rate of the antenna 

(b) the antenna beamwidth in the scanning 

plane 
(c) the prf 


*Searchlight condition refers to non-scanning radar. 
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The signal presentation time is, of course, func- 
tional with (a) and (b). In order to ascertain 
the magnitude of the effect of scanning, the re- 
sults of three experiments are described and 
an attempt is made to generalize a solution to 
the problem. 

In the first experiment, a PPI indicator was 
used with a constant rotational period of 8 sec- 
onds. The prf was held constant at 800 pps and 
the presentation time was varied between wide 
limits. The results appear in Figure 6-37. The 
minimum discernible signal varies as the square 


root of either the signal presentation tirme 0o} 
the beam angle over most of the range con 
sidered, although small deviations exist at bot! 
ends of the plot. For very large beam angles 
(greater than 45 degrees), it is understandable 
that the signals are less easily distinguished. 
since the operator has difficulty in viewing the 
entire arc. Also, for very small beam widths 
(less than one degree) the geometrical size of 
the signal spot becomes smaller than one mm, 
so that one would expect a decrease in perform- 
ance similar to the effect of decreasing the sweep 
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Figure 6-37. S/N Ratio for Minimum Discernibility as a Function of Beam Angle and Signal Presentation Time 
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speed. In other words, here again the eye and 
brain have a tendency to discriminate against 
geometrically small signals in favor of wider 
ones. The general shape of the curve of Figure 
6-38 is important since it shows that, for a 
specific number of hits per target traverse, no 
essential change of minimum discernible signal 
is caused by the geometrical are length of the 
presented signals. This conclusion contradicts 
the widespread opinion that a long arc length is 
more easily discernible in the presence of noise 
than isa shorter arc length. To substantiate this 
conclusion more firmly, another experiment has 
been performed wherein the signal presentation 
time and the prf were held constant and the 
beam angle was changed by varying the scan- 
ning frequency. The results are shown in Fig- 
ure 6-38. From a presentation standpoint, it is 
evident that, for beam angles between one degree 
and 45 degrees, then antenna beam width itself 
has little to do with the minimum discernible sig- 
nal. However, the prf and antenna scanning 
frequency are usually fixed in a radar system 


eee 


and therefore the number of presented signal 
pulses is proportional to the beam angle. 

The results of a third experiment can now 
be reviewed wherein the antenna scanning rate 
was held constant at 5 rpm; the beam width 
was constant at 2 degrees (which results in a 
signal presentation time of 1/15 second) and 
the prf was varied over wide limits. The results 
are shown in Figure 6-39. Under these condi- 
tions, the minimum discernible signal varies 
approximately as the square root of the repe- 
tition rate; hence, it is functional with the 
square root of the number of pulse hits. 

The data illustrated by the solid curve of Fig- 
ure 6-39 was obtained under conditions which 
simulated an antenna scanning in PPI fashion 
insofar as the antenna beam width is concerned, 
but the presented pulse train contained pulses 
of equal magnitude. In the case of an actual 
antenna system where the presented pulses vary 
in magnitude according to the round trip an- 
tenna pattern shape, the original data should 
be modified thereto. Such modification indicates 
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Figure 6-38. S/N Ratio for Minimum Discernibility as a Function of Beam Angle and Scanning Rate 
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Figure 6-39. S/N Ratio for Minimum Discernibility as a Function of PRF 


that 1.5 db must be added to the original data, 
giving the results shown by the dashed curve 
of Figure 6-39. 

At this point, it is a simple matter to gen- 
eralize the results of the last three experiments 
by stating that the S/N (in power) necessary 
for minimum discernibility is directly propor- 
tional to the square root of the product of the 
beam width and prf. This relationship is true 
only for single-scan operation provided the scan- 
ning frequency is adjusted between certain 
limits, and is not true at all for multiple-scan 
operation. The reasoning behind this statement 
stems from the consideration of a new para- 
meter, i.e., the maximum time over which effec- 
tive pulse-to-pulse integration can be effective 
(called the integration time). It would normally 
be expected that the integration time would be 
functional with the type phosphor employed 
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and the remembering characteristics of the 
human eye, but experiments have shown that 
its value is substantially constant (at some- 
where between 4 and 10 seconds) independent 
of the persistence characteristics of the phos- 
phor. Thus, in a scanning radar system, a loss 
would be anticipated due to scanning until the 
antenna scanning rate has been increased to 
such a value that the antenna beam remains 
on the target for a period less than the integra- 
tion time. However, if the antenna rotational 
speed is increased, the loss due to scanning is 
simply proportional to the square root of the 
ratio of the number of searchlighting pulses to 
the number of scanning pulses (this ratio is 
360°/¢.). 

Having thus established the behavior of the 
scanning loss function at the extremities of the 
scanning rates (very low and very high) and 


———_—_ 


knowing that the scanning loss in the inter- 
mediate region is inversely proportional to the 
square root of the number of pulse hits per scan, 
a set of curves can be presented which describe 
the relationship between prf, antenna beam 
width (¢) and the antenna rpm. For example, 
suppose a particular condition exists where the 
prf is constant at 400 pps and the variation in 
the minimum discernible signal is determined 
as the antenna beam width and rotational rate 
are varied. Employing the arguments discussed 
above, a set of curves, similar to those shown 
in Figure 6-40 can be constructed, which shows 
clearly the behavior due to scanning. The inte- 
gration time has been set at 5 seconds, and, with 
this value, close inspection will reveal that an 
excellent fit has been obtained for correlating 
the central portions of the curves with their 
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extremities. For example, the 5 second integra- 
tion time dictates that, with a 1 degree beam 
width, no appreciable loss will result until the 
antenna beam remains on the target for less 
than 5 seconds (or, until the antenna rotational 
rate exceeds 0.033 rpm). Thus, 0.033 rpm is the 
lower breaking point in the curve for a one de- 
gree beamwidth. On the other hand, the upper 
breaking point will occur at 12 rpm where scan- 
to-scan integration begins. Also, the central 
portion of the curve must satisfy the dashed 
curve of Figure 6-39 (which it does). Finally, 
the difference between the extremities of the 
@ = 1 degree curve must satisfy the square 
root of 360°/¢ relationship, which turns out to 
be 12.8 db (which also agrees with the curve). 
With the behavior of these curves in mind, the 
more general set of curves shown in Figure 





UPPER “BREAK POINTS" FOR 
5 SEC. INTEGRAT. TIME 12 RPM 


ANT. ROTATIONAL RATE (RPM) 


Figure 6-40. Particular Example of the Scanning Function 
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Figure 6-41. Effects of Scanning 


6-41 can be plotted. Included are various values 
of prf and the central region is plotted in terms 
of the product of prf times the antenna beam 
width in degrees. 


6-4.4 ADDITIONAL NOISE SWEEPS 

In certain types of radar systems (especially 
three-dimensional scanning systems) the situa- 
tion is likely to arise where the indicator pre- 
sentation contains additional noise sweeps 
which lie superimposed on those sweeps which 
contain the usual signals and noise. A particular 
example of this is the PPI presentation of a 
system which contains an elevation scanning 
function as well as an azimuthal rotational rate. 

To evaluate the detrimental effect of such 
additional noise sweeps on the minimum dis- 
cernible signal, the results of two experiments 
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will be considered. From the results of Figure 
6-42 it can be seen that the signal threshold 
power is directly proportional to the square 
root of the sweep recurrence frequency, while 
the results shown in Figure 6-43 show that, 
over most of the scan, the signal threshold 
power is inversely proportional to the first 
power of the signal recurrence frequency. 

Thus, if Ny equals the total number of sweeps 
presented and Ns of these contain signals while 
the rest contain noise, only then 


P.nin (threshold power) « a (6-70) 
S 
When Ny equals Ng, this relation clearly leads 
to the familiar square root relationship between 
the threshold power and the total number of 
observations. 
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Figure 6-42. S/N Ratio for Minimum Discernibility as a Function of Sweep Recurrence Frequency 


6-4.5 SCANNING RADAR RANGE 
COMPUTATIONS 


The computations involved for the range de- 
termination of a scanning system are identical 
with those involved in the case of searchlight 
conditions with two major exceptions: 


(a) The prf function (db-) used under the 
conditions of searchlight must be re- 
placed by the scanning function db; de- 
scribed in Figure 6-44. This scanning 
function illustrates the interdependence 
of the repetition rate, antenna beam 
width in the scanning plane, and the an- 
tenna rotational rate. 


Note: If the target velocity is high, such that the 
scan-to-scan traces are not superimposed on the indi- 
cator, the engineer may individually compute the pulse 
hits per target traverse and employ the dbz figure ob- 
tained from Figure 6-45 instead of referring to Fig- 
ure 6-44, 


(b) In addition to (a) above, the situation 
may arise (especially in the case of three- 
dimensional scanners) where additional 
noise sweeps are presented superim- 
posed on those sweeps which contain the 
target signals. In this case, the engineer 
must apply an indicator collapsing loss 
db,, which can be obtained from the 
curve of Figure 6-46. This loss should be 
included over and above those other sys- 
tem parameters listed above. 


An example of the procedure used for deter- 
mining the maximum reliable range of a scan- 
ning system appears as Example 1. Here, the 
same system constants are considered as were 
employed in the example used for radar range 
equation calculations on fictitious radar system 
XYZ with the additional stipulation that the 
antenna is made to rotate at 6.0 rpm in azimuth. 
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Figure 6-43. S/N Ratio for Minimum Discernibility as a Function of PRF for Constant 
Sweep Recurrence Frequency of 3200 PPS 
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Figure 6-44. Scanning Function 
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Figure 6-45. Scanning Function Versus Pulse Hits Per Target Traverse 
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Figure 6-46. Indicator Collapsing Function 
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EXAMPLE 1 
COMPUTATION OF MAXIMUM RELIABLE RANGE 
FOR RADAR SYSTEM XYZ 
(UNDER SCANNING CONDITION OF 6.0 RPM) 


Antenna Gain (two way) :2 « 40.2 db dDant = +8O.4 
Transmitter Power: 800 kw dbp Fig.6-3 = +59.O 
Frequency : 2800 mc db) Fig. 6-4 = —41.4db 
Target Size: 4.7 M? db, Fig.6-5 = —4.3db 
Receiver Noise Figure: —12 db dbyr = —12.0 db 
Receiver i-f Bandwidth: 1.3 mc db, Fig.6-6 = +142.9 c 


Pulse Length: 2.0 usec 
Bt: (if bandwidth x pulse length) = 1.3 mc X 2 usec 


= 2.6 db, Fig. 6-47 = 32d 
Losses: 1.0 db db, = —1.0db 
Az. Beam Width (¢) = 0.9° prf xk ¢ dby Fig. 6-44 = —6.4db 


Rep. Rate (prf) = 300 pps = 270 
Az. Rotational Rate = 6.0 rpm 


Note: db; may be obtained from Fig. 6-45 by comput- 
ing the “pulse hits per target traverse.” For example: 


Pulse hits ap DO ID.. = $00 X 0.9 = 7.5 
6x rpm 6 x 6 
and, from Fig. 6-45 db,, = —6.4 db. 


Total —65.ldb -+285.5 db 
—65.1 db 
Total System db = +-220.4 db 


Slant Range Fig. 6-7 — 200 Statute Miles; this is the mean range. Note that this is different from 
the 238 miles calculated in paragraph 6-2. 
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Figure 6-47. Receiver Representation Factor 


6-4.6 PROBABILITY OF DETECTION®® 


Figure 6-48 shows the probability of detecting 
a target returning a signal with a Rayleigh 
distributed amplitude. Range is presented in 
normalized fashion, based on the range at which 
the single scan detection probability is 50 
percent. 


The cumulative detection probability for a 
given range is the probability of detecting an 
incoming target on at least one scan by the 
time it reaches that range. It depends on target 
speed and course and on the scan rate of 
the radar. 


Figure 6-49 enables the easy calculation of 
the increment in target range between scans. 
This quantity is used in Figure 6-50 to 
normalize the range quantities so that they may 
be presented in a simple and useful form. To 
use the curve, 8 is found from Figure 6-49 and 
is known in the problem at hand. The curve 
will then yield the normalized value of the 
other range parameter. 


Figure 6-51 is included for convenience. The 
first quadrant of this curve is identical to 
Figure 6-50. The second and fourth quadrants 
can be used to convert the range parameter 
from miles to dimensionless forms. 


PROBABILITY OF DETECTION (ONE SCAN) 





\¢) 0.2 0.4 0.6 0.8 AO Lo t.2 4 1.6 1.8 
R/Rg RANGE, NORMALIZED WITH 50% RANGE 


Figure 6-48. Single Scan Probability of Detection Versus Range 
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Figure 6-49. Target Displacement During One Scan Versus Target Velocity and Scan Rate 
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Figure 6-50. Fifty Percent Single Scan Detection Range Necessary for Ninety Percent 
Cumulative Detection Probability at Range Reo 





6-5 TRACKING RADARS, ANALYSIS 
AND DESIGN 


6-5.1 GENERAL 


The purpose of this section is to serve as 
an introduction and guide to the design tech- 
niques and problems of tracking radars. A 
description and analysis of the various tracking 
techniques and a system for analyzing common 
sources of tracking errors is presented with the 
necessary graphs and sample calculations to 
facilitate a rapid and convenient method for 
computing and analyzing the problems encoun- 
tered in tracking radar design. 


6-5.2 TRACKING RADAR TYPES 


6-5.2.1 Conical Scan and Lobe Switching 


The simplest method of radar tracking con- 
sists of manually maximizing the echo received 
by a pencil beam radar. The difficulty with such 
a simple approach is that a decrease in the 
signal level may be due to increasing range, 
target fluctuation or the target moving off the 
center of the beam. In the latter case, decrease 
of the signal gives no hint in which direction 
the beam must be moved in order to recenter 
the target. 

A number of methods have evolved to over- 
come these difficulties. In the case cited above 
the operator would learn to jitter the beam back 
and forth to find the target. The simplest 
mechanical approach is to do the same thing. 
A single beam is either rotated in a small circle 
or switched rapidly back and forth a fraction 
of a beam width by switching between two r-f 
feeds. These methods are both sequential lobing. 


The former method, conical scanning, is p 
tured in Figure 6-52. In this manner the tar; 
may be centered by keeping the received sigt 
at a constant level. When the target moves 
center, the received signal will show a modu! 
tion at the lobing (switching or conical sca 
ning) frequency. Furthermore, it is appare: 
that if this modulation can be compared in pha: 
with the position of the beam it will indicai 
the direction of the target from the boresig! 
or center of the lobing pattern. 

In a conical scan radar, the beam is usual] 
caused to wobble either by rotating a paraboli 
dish about an axis tilted with respect to th 
focal line of the dish or, more commonly, by 
rotating or nutating the feed. Whichever method 
is used to scan, a two-phase reference generator 
is attached to the scanner. The received signal. 
after detection, is then compared with these 
reference voltages in order to detect an error 
in two orthogonal directions. The error so 
derived, when small, is proportional to the 
deviation off-boresight and may be used as an 
error signal for azimuth and elevation servos. 
Because of the orthogonality of the two refer- 
ence voltages when they are properly phased, 
the error signals are completely separated ; that 
is, the balanced detectors produce a signal only 
for errors in the plane of the proper servo 
control. 

The magnitude of the error signals so derived 
would be a function of target size and range 
if an automatic gain control were not used, as 
shown in Figure 6-53. This circuit maintains 
a constant magnitude of the average signal 
output. The effect is to normalize the error 
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Figure 6-52. Conical Scanning 
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Figure 6-53. Conical Scan Radar 


signals so that they are proportional only to 
the angular distance off-boresight. 


A quantity of interest in all tracking systems 
is sensitivity — the ratio of angular error or 
deviation from the boresight to the electrical 
error signal. The automatic gain control is fun- 
damental to this concept also. Obviously the 
sensitivity would be meaningless without some 
form of AGC, since additional amplifiers or 
transformers could raise it ad infinitum. The 
sensitivity, Ks is therefore usually expressed in 
a dimensionless form. It is often taken, also, on 
a per beamwidth basis and this will be done 
here. That is, if the beamwidth is 0, the angular 
error ec, the error voltage A, and the received 
signal strength S, then: 


A ay ee 
S 0 
Since the AGC has normalized the A signal by 
the signal S for the conical scan, this is only 
a measure of the signal modulation due to the 
angular error ce. This modulation is determined 


(6-71) 


by the beam shape and squint angle, or angle 
of the scanning cone. 


Note that equation 6-71 assumes that a linear 
relationship exists between the angle error and 
the A signal. Obviously this is untrue for large 
angles but it is a good approximation with 
proper squint angles near the boresight. The 
minimization of tracking errors is usually de- 
sirable. The sensitivity will be more strictly 
defined as the rate-of-change of normalized er- 
ror signal with angle error per beamwidth, 
evaluated at zero error. 


The antenna patterns may be chosen either 
for maximum sensitivity or for maximum line- 
arity, but not both. Usually, maximum sensi- 
tivity is desirable for conical scanning since at 
all times the signal from the receiver will con- 
tain an rms amount of noise N. In this case the 
output of the radar will be: 


A+N 


S4N (6-72) 


6-83 


In cases of interest for accurate tracking, the 
signal-to-noise is high so that this is approxi- 
mately : 


(6-73) 





A N 3 N 
sts > A 8 ar 
This is then used as an error signal by a servo 
system which generally has a filtering action 
and can be characterized by a filter factor K;. 
This reduces the effective rms noise so that 
when the servo error is reduced to zero the tar- 
get is still off the boresight, i.e., it has an rms 


error angle « defined by: 





1 WN 
| ene eerie -74 
8 + K, Ss 0 (6-74) 
or 
Bee 1 N (6-75) 
9 K,K, S 


This sensitivity may be evaluated from the 
antenna pattern which quite often approxi- 
mates the pattern produced by an aperture with 
illumination varying across the aperture in a 
cosine fashion. 

Figure 6-54 shows the round trip voltage 
patterns A and B of a conical scan or sequen- 
tial lobing radar with a squint angle equal to the 
beamwidth of the antenna. The average signal, 
14 (A + B), will be proportional to the average 
of the pattern in its two extreme positions 
which correspond to the positions A and B as 
seen in Figure 6-54. A target off the boresight 
will cause a modulation of the average signal 
with a peak-to-peak amplitude proportional to 
the difference between the two patterns (A — 
B). This modulation is what is detected by the 
conical scan. The AGC circuits cause it to be 
measured only in terms of the percent modula- 
tion of the average signal. 

If it is assumed that this peak-to-peak value 
can be taken also as the peak-to-peak of the 
component of scanning frequency in the modu- 
lation, the amplitude of the error signal is 
given by: 


=> (A —B) (6-76) 
In which case, since the average signal is: 
S= = (A +B) (6-77) 
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then: 
A A—B 


S A+B 


This gives a means of evaluating the sensitivit: 
From Figure 6-54 near the boresight, it is see: 
that (A+B) is just unity, while (A— B) varie 
essentially linearly with the normalized angle. 
From the figure, slope of the A/S versus «/¢ 
curve can be measured. Near the zero error 

point: 
(A —B) 
(A + B) 


By comparison with equation 6-71, equation 6-78 
then leads to the following value of sensitivity 
for an echo tracking conical scan radar with 
one beamwidth squint: 


K, = 2.88 (6-80) 


Other configurations of the antenna will have 
sensitivities which can be calculated similarly. 
For example, Figure 6-55 shows the patterns 
for a squint of 0.4 beamwidth which produces 
a wide region of linearity in the error signal 
characteristic and Figure 6-56 shows the one- 
way patterns for the same conditions as above. 
These patterns would be applicable for tracking 
a beacon. It is seen that the slope of the A/S 
patterns can be reduced, for symmetrical pat- 

terns, to the slope of the pattern at the cross- 

over divided by the value of the pattern at cross- 

over. From Figure 6-56 this yields, for beacon 

tracking conical scan with one beamwidth 

squint: 


1.05 
K, a — 
0.707 — 1-49 


(6-78 


= 2.88 («/0) (6-79) 


(6-81) 


The squint angle may be adjusted to give maxi- 
mum sensitivity or maximum linearity of the 
A signal with displacement from the boresight. 
It may be noted from the form of equations 
such as 6-81 that the linearity of pattern which 
is of importance is actually the linearity of the 
pattern of A/S versus angle. This pattern can 
be readily calculated from A and S patterns and 
plotted. In general, this pattern will exhibit 
linearity over a much larger angle than the dif- 
ference pattern alone. Table 6-4 lists more val- 
ues for sensitivities of conical scanners. 
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TABLE 6-4. TYPICAL TRACKING RADAR PARAMETERS 


Squint, beam- 
widths 45 









Angular 
Phase center | Loss of 
separation, gain, pene st ivity 
aperture oneway, : 
Radar Type widths db* RatioSA 





Conical Scan: 


Echo** Maximum sensitivity 
Linear error 





Beacon** Maximum sensitivity 1.36 
Linear error 0.8 
3 db crossover 1.0 






Amplitude Monopulse: 


4 feed** Optimum gain- 
sensitivity product 
Linear error 






2 feed Log comparison 
with 3 db crossover 


Phase Monopulse: 


0.9 2.0 
0.8 1.4 
1.0 2.6 












4 feed** Optimum gain- 1.69 4.6 
sensitivity product 
No overlap 1.88 5.9 
1/3 overlap (low 1.26 2.0 
sidelobe) 











Combination Monopulse: 


No overlap, optimum Phase 
Amplitude axis gain- Amplitude 
sensitivity product 








AN/TPQ-10(XN-1)444 phase 
| Amplitude 









*Compared to gain of total aperture, assuming cosine illumination. 
*Based on cosine illuminations from all feeds. 
***Increased gain, relative to cosine illumination. 
ased on the nominal beamwidth for the aperture with cosine illumina- 
tion (1.19 A/d). | 
Advolts/volt/beamwidth, based on the same nominal beamwidth of note 4. 
Empirical data. 









Note that the squint angle also causes a loss 
' boresight antenna gain relative to that real- 
ed im the direction of maximum gain. 


The concept of sensitivity has been developed 
rom. a theoretical view. In practice, the pat- 
erns which might be measured would be the 
om posite S and A/S patterns. Because of their 
rature, these may be called sum and difference, 
»r Sum and delta patterns. The significance of 


this will be more apparent for monopulse ra- 
dars. 


Conical scan radars have some other signifi- 
cant characteristics including susceptibility to 
error due to amplitude modulation of the re- 
ceived signal and fading. Most radar targets 
exhibit fading at frequencies such that the 
conical scanner senses the modulation and er- 
roneously treats it as an error signal. This leads 
to angular errors in tracking. Another charac- 

teristic follows from the fact that in conical 
scanning or sequential lobing the angular error 
information is carried on the scanning fre- 
quency. After detection and filtering, this sig- 
nal will contain noise from two sidebands of 
the lobing frequency carrier. This leads to less 
noise improvement by filtering or servo action 


than is experienced by equivalent monopulse 
trackers. 


6-5.2.2 Amplitude Monopulse 


The difficulties experienced by sequentially 
lobing radars due to their scanning frequency 
are decreased when the scanning frequency 
is increased. Amplitude monopulse may be 
thought of as sequential lobing at infinite fre- 
quency. A single r-f pulse is simultaneously 
fed from separate horns into the same reflector, 
or fed to separate antennas. The two lobes pro- 
duced are squinted. In the case of a single re- 
flector, this is achieved by moving the feeds 
slightly off the focal point or line. The returned 
signal can be compared directly in the same 
manner as for conical scan except the difference 
between the signals in the two lobes is constant 
rather than modulated at a scanning or lobing 
frequency. 


The most direct way to do this might be to 
have a separate receiver for each horn, the out- 
puts of which are detected and compared. In 
practice, it is common to use an r-f hybrid to 


form sum and difference of the separate an- 
tenna lobes. This has a number of advantages. 
It enables use of an AGC circuit that performs 
the function of normalizing the output as was 
done in the sequential lober. It removes the 
need for maintaining very closely matched 
amplitude response in two receivers, since the 
actual receiver gain in the sum-difference (3 — 
A) system determines only the sensitivity of 
the signal and cannot cause a change of the 
zero position, or boresight shift. Figure 6-57 
shows such a > — A system for one axis. The 
action of such a system is exactly analogous to 
the conical] scan in free space. Antenna patterns 
would look just like those shown in Figure 6-56. 


At least one more feed is required to use such 
a system for two-axis tracking. Normally two 
are added to give a four-horn system such as 
that of Figure 6-58. This system uses the horns 
in pairs to derive error signals for the two axes. 
By using hybrids as shown, the error signal in 
azimuth, or 3A signal is given by: 


SA=A—B+C—D=(A+C) —(B4+D) 
(6-82) 
Similarly, the elevation error is: 


Ax = (A + B) — (C4 D) (6-83) 


This system makes optimum use of the received 
signal. Other systems could be readily devised 
that would compare only A and B for azimuth 
error and A and C, say, for elevation error. 
This obviates the necessity for the fourth feed, 
but causes a nonsymmetrical pattern and less 
than optimum use of the received signal. 


The sensitivity of an amplitude monopulse 
radar is found from the same procedure as that 
used for conical scan, with one important dif- 
ference. Because the target is simultaneously 
illuminated by both lobes, the effect of the trans- 
mitting antenna pattern is the same on the sig- 
nal returned in any receiving lobe. Because of 
this, one-way voltage patterns must be used for 
either echo or beacon-tracking in calculating 
sensitivity of monopulse radars. 


Practically, in a monopulse radar the antenna 
patterns of interest are the sum and difference 
patterns, not the patterns from separate feeds. 
The sum pattern, determined by all the feeds, 
fixes the total signal strength incident on the 
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Figure 6-57. A — % Comparison 


target as well as the receiving gain for ranging 
purposes and signal-to-noise calculations. These 
one-way sum and difference patterns have 
shapes like those shown in Figure 6-59. (Dif- 
ference patterns in either axis are similar.) It 
is actually the A/S or normalized difference pat- 
tern that is of interest due to the use of AGC 
circuits. The sensitivity is found from the slope 
of this A/= pattern at its zero (on the bore- 
sight). There is, of course, nothing to prevent 
the design of equipment that has different pat- 
terns in its separate axes and therefore unequal 
sensitivities in the two directions. So, in general, 
two sensitivities must be specified for a four- 
horn system and errors must be determined sep- 
arately for each axis. 

The noise errors are found from the same 
reasoning as that used for conical scan. Assum- 
ing large signal-to-noise ratios, when the A sig- 
nal is zero, the noise, decreased by the filter fac- 
tor, determines the angle error, according to 
the formula: 

e lt N 


(6-84) 





© K,K, S 
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Both the sensitivity A, and signal S, (through 
its dependence on the sum-pattern gain) de- 
pends on squint angle. An optimum value of 
squint exists. If only the angular error due to 
noise is considered, the optimum is achieved 
when the product A,G is a maximum. The gain 
that is applicable is round-trip on one-way volt- 
age gain for echo or beacon tracking respec- 
tively. (As pointed out above, in monopulse ra- 
dars, A, is equal for either type tracking.) 


On the other hand, in some applications it 
may be desired to adjust the squint for the op- 
timum linearity of error signal versus error 
angle. For four horn amplitude comparison, 
the significant characteristics of these two im- 
portant configurations are given in Tables 6-4 
and 6-5. Reference 61, especially the second 
quarterly report, covers the variations of sen- 
sitivity and gain in monopulse radars in more 
detail. It should be emphasized that the opti- 
mum performance in a tracking system is ob- 
tained when the gain-sensitivity product is max- 
imum and not for maximum sensitivity alone. 
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TABLE 6-5. COMPARISON OF TRACKING RADAR TYPES* 


Extent of Linear 


Error Signal, 
Radar Type Bea mwidths ** 


Conical Scan: 
Echo Maximum sensitivity 0.5 
Linear error 1.9 


A mplitude Monopulse: 


Figure of 
Merit, db4 











4 feed Optimum gain- 
sensitivity product 

Linear error 2.4 

Log comparison with 


-wide- 
3 db crossover 


See Note 2 





Phase Monopulse: 









4 feed Optimum gain- 0.45 
sensitivity product 
No overlap 0.4 
1/3 overlap (low 0.6 


sidelobes) 


Combination Monopulse: 










No overlap, optimum Phase 
Amplitude axis gain- Amplitude 
sensitivity product 






*Same systems as listed in Table VI-4. 

** Five percent linearity: based on cosine illuminations. Use of A-= 
comparison. Thus the linearity is that of the pattern. The range 

of linear error signal may be increased by the use of nonlinear 

circuits, 

Logarithmic comparison will be linear over as great an angle as 

the lobe patterns approximate a Gaussian curve, which may be 

several beamwidths. 

Angular sensitivity times loss of gain, two way, (less 3 db for 

conical scan due to decreased filter factor). Note that this com- 

parison is only with respect to errors due to thermal noise. 

All types of tracker will have much higher noise errors for off- 

boresight tracking due to loss of gain and loss of sensitivity. 











*Same systems as listed in Table 6-4. 
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Figure 6-58. Four-Horn Monopulse Radar 


A number of variations from the sum-differ- 
ence type of amplitude monopulse are possible. 
In some cases it may be desirable to avoid the 
use of AGC. This can be done by placing a 
90-degree phase shift in the A signal before 
detection and then recombining the sum and 
delta signals (see Figure 6-59d). The result is 
a pair of signals that differ in phase by an an- 
gle proportional to A/x. Assuming small error 
angles, if these two signals are processed 
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through separate receivers and phase detected, 
this system also detects A/S and has the same 
sensitivity as the previous system. However, 
since the video detection is a phase detection 
the receivers may be limiting. This relaxes the 
requirements of gain matching at the expense 
of requiring phase matching between two chan- 
nels. This method can be extended to a four- 
horn system easily. Also, although Figure 6-59d 
shows the conversion using two hybrids and a 


a A A y B 
8 DY 
0 > 
a. SQUINTED BEAMS b. AMPLITUDE DIFFERENCE A 


DEPENDS ON SQUINT a 
Y > zA+8 
"N\A 


ANTENNA PATTERNS, AND 
ERROR ANGLE >. 
2A-B 


c. SUM @ DIFFERENCE PATTERNS 





d. CONVERSION TO PHASE DETECTION 


Figure 6-59. Amplitude Monopulse 
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phase shift, a single device (the short-slot hy- 
brid) will perform the conversion directly. How- 
ever, duplexing is then more complex. 

A variation of the same technique recom- 
bines the sum and delta signals at intermediate 
frequency and phase detects. In this way bore- 
sight shifts due to long runs of waveguide are 
minimized. 

Another type of amplitude comparison that 
is of importance is logarithmic comparison, as 
seen in Figure 6-60. This system uses com- 
pletely separate receiving channels and receiv- 
ers of logarithmic response as seen in Figure 
6-61. It requires separate duplexing and close- 
gain matching of the two receivers. It has at 
least three significant advantages: 

(a) it eliminates the requirement for AGC 

circuits 


(b) because of the absence of the time delay 
associated with AGC circuits, it presents 
the error signal for a given target 
instantaneously 





(c) the error signal due toatarget Off bx 
sight can be made proportional to 
distance off boresight overa very WwW. 
angle 


The latter two attributes are particularly u: 
ful for tracking within the beam by electron 
means, as opposed to boresight tracking |t 
servoing the antenna. This system has’ bee 
used for height finding in cases where mu!]I?: 
lobed patterns were used. For this reason, th: 
angular sensitivity and angular error at ang): 
off the boresight are of interest. 


Assume that the shapes of both of the Iobes 
shown in Figure 6-62 are Gaussian. In terms of 
the squint angle, a and beamwidth of one lobe. 
0, the signals in either channel, for a target off 
boresight and angle ¢ are proportional to: 


(a/2+ ¢)? i (a/2+ @)? 
A~e cy Ser ee 
(6-85) 


Figure 6-60. Logarithmic Amplitude Comparison | 
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Figure 6-6]. Logarithmic Receiver Characteristic 
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Figure 6-62. Logarithmic Amplitude Comparison Antenna Pattern 


Taking the logarithm of these with the receiver 
response and then the difference, yields an out- 
put 


2.78 a¢ 
e2 
The output is linearly related to the position, 
therefore, over aS wide an angle as the antenna 
pattern approximates a Gaussian curve. 
The noise in the output of a nonlinear re- 
ceiver can be related to the input by approxi- 
mating the receiver characteristic as a straight 
line if the signal-to-noise level is high. The slope 
of the line is the derivative of the receiver 
characteristic as shown in Figure 6-61. Since 
the derivative of the logarithm is the reciprocal, 
an input noise, N, in one channel produces noise 
output, N/A where A is the signal input. The 
total noise in the output of video difference cir- 
cuit is the rms total since the noise is random. 
We assume that noise input to each receiver is 
the same. Any subsequent filtering will reduce 
this noise by a filter factor K,. Therefore the 
angular error due to the noise, ¢, can be ob- 
tained by setting this noise equal to the ex- 
pression of equation 6-86: 


278ae _ 1 1/7N\2. /N\? 
@ a Va) + (ae) en 


or, equivalently, this relationship can be stated 
as: 


log B — log A = (6-86) 


E 1 


N 
6 248a/0K, ABV“ +B’ (6-88) 


Even though no sum signal is directly derived 
in this system, we can think in terms of one. 


This facilitates the off-boresight noise analysis. 
This sum signal is the signal calculated on the 
basis of the sum pattern gain and is: 


S = VA? + B (6-89) 


In terms of this signal equation 6-88 can be put 
into the usual form: 





apes meee (6-90) 
O K,K, S 
with: 
atl 7 - (6-91) 
eloliee = pauede 7 
B A 
However, from equation 6-85 
A ates (6-92) 
B = "¢ 
From which: 
= 1.39 a/O 
K, = (6-93) 


cosh 2.78 — so. 
0 0 


One point to notice about this relation is that 
although the sensitivity on the boresight (¢ = 
0) increases with increased squint, the sensi- 
tivity for other angles may be drastically re- 
duced. For example, on the peak of one lobe the 
sensitivity is: 

L= 1.39 a/O (6-94) 

cosh 2.78 (a/O)- 
Also at this point there is a loss of signal due 
to the lower sum pattern gain. It might for this 
reason be desirable to optimize this sensitivity. 
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An optimum can be found by the usual method 
of differentiating equation 6-94. The resulting 
transcendental equation yields a value of squint: 


a/8 = 0.73 (6-95) 


For this value of squint, the sensitivity on 
boresight is 1.02, and that on the peak of a lobe 
is 0.776. A squint of one beamwidth results in 
boresight sensitivity of 1.39 and sensitivity on 
the peak of a lobe of 0.65. This is a difference 
of 6.6 db. In addition there may be a loss of 
round-trip gain of about 3 db so that the angu- 
lar noise error may be almost 10 db higher on 
the peaks of the pattern than that on the bore- 
sight or crossover of the pattern. The error will 
of course increase even more for targets further 
from the boresight. In cases where many lobes 
are used (rather than just two), the loss of gain 
is less in general, but the loss of sensitivity is 
still large and should be accounted for in the 
design. 


6-5.2.3 Phase Monopulse 

If in the systems shown in Figures 6-57 and 
6-58 the feeds are placed in the radar in such a 
manner that there is no squint between the 
lobes produced, but each is parallel to the bore- 
sight axis, all received signals will have equal 
amplitude. If, however, the lobes are displaced 
from each other as shown in Figure 6-63 there 
will be phase differences between them when 
the target is not on the boresight. This is due 
to the difference between the electrical path 
lengths from separate feeds to the target. The 
systems of Figures 6-57 and 6-58 can be used 
to detect this phase difference. Since the hy- 
brids produce vector sum and difference signals, 
these signals are usable just as they were for 
amplitude comparison. As shown by the vector 
diagrams of Figure 6-63, the difference signals 
are for this case in quadrature with the sum. 
By simply adding 90 degrees of phase shift to 
the sum signal before using it in the balanced 
detectors, these difference signals are detected. 

The sensitivity of phase comparison mono- 
pulse is easily calculated in terms of the sep- 
aration of the apparent sources of the beams. 
These points are called phase centers. They are 
determined by the illumination patterns pro- 
duced on the radar reflector by the separate 
feeds. A special case arises when two or more 
completely separate dishes are used, each with 
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one feed. This device is usually called an irate 
ferometer. For either an interferometer or . 
phase monopulse having a common reflector 
the sensitivity based on A — = comparisorza 2S 





A/ 
K, = ——~ 6—96 
-/0 ( ) 
In terms of the signals in each feed: 
60 B-—A 
8 —— O77 
e B+A ~ ) 


But from Figure 6-63 it may be seen that the 
signals A and B differ only in phase, so the vec- 
tor quantity B — A/B 4+ A is the tangent of 
half the phase angle between A and B. If we 
base the sensitivity on a nominal beamwidth 
for a cosine illuminated dish, 9 = 1.19 A/d and - 


ae 1.19 A/d tan nae E (6-98) 
E 


For small angles, near boresight, this is closely 
approximated by: 


K,=1.192 a/ d 
This relation is plotted in Figure 6-64. 


By definition it is apparent that interferom- 
eter spacings cannot be closer than a ratio of 
a/d equal to unity. Similarly, the phase mono- 
pulse with the single reflector cannot have a 
phase center spacing greater than the aperture. 
Actually, there are a number of other limita- 
tions on the phase center spacing and thus the 
sensitivity. For the single antenna these limita- 
tions may be either loss of gain or high side- 
lobes. Assuming that the illuminations produced 
by the feed horns are cosinusoidal, then phase 
center separations of more than half the aper- 
ture will necessitate either an unilluminated 
center section of the antenna or part of the feeds 
spilled over the edges of the reflector. Even 
when the feeds are exactly a half aperture apart 
the pattern is generally unsatisfactory due to 
the high sidelobe levels. To get around these 
troubles the feeds are generally overlapped so 
that the phase center spacing is smaller. When 
this is done there may be some improvement in 
gain compared to the gain of a cosine illumi- 
nated aperture because of a more favorable 
illumination function. Generally sidelobe levels 
are acceptable with one-third overlap, or one- 
third aperture phase-center spacings. The very 
high sensitivities corresponding to interferom- 
eter spacings are not achieved without difficulty. 
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Figure 6-63. Phase Monopulse 
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Figure 6-64. Interferometer Sensitivity 
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The source of trouble is redundancy. For any 
aterferometer there are numerous angles where 
tre difference signal is zero, corresponding to 
iifferences in electrical path length from target 
o the two feeds of 0, A, 24, 34,...., etc. This 
:orresponds to angles of 0, A/a, 2A/a, 3\/a,..., 
2tce. These multiple nulls may occur within 
che beamwidth of one of the interferometer 
ciishes, in which case they may be mistaken for 
the center null. This redundancy must be re- 
solved if the interferometer is to provide useful 
information. The resolution may be effected by 
use of a second interferometer with smaller 
spacing between dishes, by a separate mono- 
pulse system, or by any method available to give 
a coarse angular measurement. 


Since the performance of the system depends 
on the sensitivity and the gain, an optimum 
phase center spacing exists for phase mono- 
pulse. It can be calculated on the basis of cosine 
illumination functions of each feed. In practice 
it will probably be adjusted empirically. The 
system engineer should bear in mind that it is 
the gain-sensitivity product that determines op- 
timum performance. The gain that is applicable 
is the voltage gain, one-way or round trip de- 
pending on whether the application is echo 
or beacon-tracking. For the interferometer, of 
course, the gain does not depend explicitly on 
phase center spacing and the limitations on this 
spacing are imposed either by redundancy or 
mechanical considerations. 


Again, Tables 6-4 and 6-5 list some typical 
characteristics of phase comparison systems 
and reference 6, Quarterly Report No. 2, goes 
into more detail on the calculation of sensitivi- 
ties and gains. As a reminder, note that the 
beamwidths in that report as well as in the 
equations in this section refer to a nominal 
beamwidth of the total aperture involved and 
not to either the beamwidth of one lobe or to the 
beamwidth of the sum pattern. For interferom- 
eters the beamwidth is of course taken as the 
beamwidth of one dish, but the gain for the sum 
signal must include the gain of all dishes con- 
tributing. 


6-5.2.4 Combination Monopulse 


In the previous section it was noted that the 
same block diagram could be used for either 
phase or amplitude comparison, the differences 


ee re 


between the two consisting of the difference in 
the antenna patterns and a 90-degree phase 
shift in the reference signal to the detector. 
Since this is so, it is possible to combine the two 
techniques in order to obtain two-axis (azimuth 
and elevation) tracking using only two antenna 
feeds. These are adjusted to give lobes which 
are squinted in one direction and have phase 
centers spaced in the other direction. 

The boresight is then determined by the line 
along which the amplitude received in each feed 
is equal and the phase also is equal. For small 
displacements from this boresight in the plane 
in which the two lobes are squinted, the result 
is a difference of received amplitude between 
the feeds, but their phases remain equal. Simi- 
larly, for small displacements from boresight 
in the plane of the phase center separation, only 
phase difference results, as for phase monopulse. 
On Figure 6-65 are shown the vector diagrams 
for signals from a target displaced in both direc- 
tions. The sum and difference are taken and the 
difference signal resolved into components in 
phase and in quadrature with the sum. The in- 
phase difference is then a measure of the ampli- 
tude difference between the two lobes and the 
quadrature difference a measure of the phase 
difference. These signals may be used as error 
signals to drive tracking servos. A block dia- 
gram of a method used to generate these signals 
is shown in Figure 6-66, The resolution of the 
difference signal into inphase and quadrature 
components is achieved by the 90-degree phase 
shift in the sum reference signal for the bal- 
anced detectors. 


The sensitivities of a combination system may 
be found in the same fashion as was done above 
for amplitude and phase comparison systems. 
The sensitivity in phase comparison will be ex- 
actly the same as that found for unsquinted 
case, 1.e.: 


K, = 1.19x a/d (6-100) 


where a is the phase center spacing and d the 
aperture width, the sensitivity being in volts 
per volt per nominal beamwidth. 

In a practical application, equation 6-100 may 
be used to define the phase center spacing for 
future reference, rather than the sensitivity. 
Phase center separation cannot always be meas- 
ured precisely and the sensitivity can. By defini- 
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Figure 6-65. Combination Monopulse 
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Figure 6-66. Combination Monopulse Radar 


tion the sensitivity is the slope of the A/s pat- 
tern at its zero. For existing hardware, then, 
the sensitivity is often found empirically from 
pattern tests and may be adjusted to proper 
value in this fashion. 

In the amplitude comparison plane, the sen- 
sitivity is also found from pattern tests when 
they are available. When they are not, sensi- 
tivity can be calculated in exactly the same man- 
ner as for pure amplitude systems. In fact, 
assuming the same illumination functions, the 
sensitivity is the same for equal values of squint. 

The sum channel gain of a combination sys- 
tem, or the loss in gain compared to the same 
antenna with a single feed, is a difficult quantity 
to calculate. It involves, in general, vector sum- 
mation of the patterns from the two horns and 


integration of this sum pattern over the solid 
angle of the pattern. 

Table 6-4 gives some values of the loss of 
gain, including empirical values for the TPQ-10. 
Note that for the special case of no overlap of 
the feeds, or phase center spacing of one-half, 
the sum gain is easily computed, because the 
feeds are independent of each other. However, 
this configuration will seldom be practical, due 
to the high sidelobes that arise from such an 
illumination. 

Even when the feeds do not overlap, the azi- 
muth and elevation error signals of a combina- 
tion monopulse are coupled together due to their 
formation from only two lobes. From the vector 
diagram of Figure 6-65 it may be seen that for 
finite phase angle, the inphase error signal will 
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be a function of this angle even though it is 
primarily a function of amplitude difference. 
This characteristic causes combination mono- 
pulse to have somewhat higher errors due to 
certain causes, (wander and ground reflection) 
as discussed in the following sections. 


6-5.3 ERROR SOURCES 


6-5.3.1 General 


A number of effects cause the angular infor- 
mation from a tracking radar to vary in a ran- 
dom or noise-like manner. In addition, there 
may be more consistent errors, such as refrac- 
tion or the normal lag of a servo system. 


The most common cause of angular noise in 
the radar output is the unavoidable thermal 
noise present in the radar. In some instances, 
other forms of radio noise (man-made, cosmic 
or atmospheric), may be of importance. Also, in 
skin-tracking radars, clutter return from rain 
or ground results in a greater dispersion in the 
angular information. The antenna servo has its 
own sources of noise, such as stiction or gear 
chatter. The nature of most targets encountered 
gives rise to noise in the angular output, caused 
by the scintillation of the target echo. 


Fortunately the angular noise output of a 
tracking radar is considerably decreased due to 
the low-pass filter action of the antenna servos. 
The amount of improvement due to this filtering 
or integration can be calculated. If the servo 
(or filter of any kind) has a cutoff frequency 
of (f.) and is assumed to approximate a single 
time constant filter, its power frequency re- 
sponse is given by :* 

1 
h — —_______ 6-101 
= Tho a 

If the output of the radar is put through a 
boxcar circuit which is assumed ideal and the 
input to this circuit is Gaussian and white over 
a frequency range much greater than the prf,** 
the normalized power spectrum of boxcarred 
noise, either alone or in the presence of signal, 
is: 


*Because of the subsequent integration, this approxi- 
mation introduces only small errors in calculation, 
regardless of the actual response curve. 

** Corresponding to thermal or radio noise. 
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9 sin 





p(f) =— Ip (6-102 - 


f p n? i 
fy 
where f, is the pulse repetition frequency. The 


improvement in signal-to-noise power is then 
given by: 


Noise Power in _ 1 
Noise Power out f°” 
fic vn af 


(6-103 ) 


Kr = 


If it is assumed that the cutoff frequency of the 
low-pass filter is much smaller than (f,) the 
power spectrum can be considered constant over 
the passband of the filter. 

e 1 fr 


FE es 1 2° «nf. (6-104) 
J. 1+ (f/f.)? fo 

For a conical scan or sequentially lobing ra- 
dar, this expression requires some modification. 
The error signal on a conical scan is essentially 
modulating a carrier, the scanning frequency. 
Assuming this frequency is greater than the 
filter cutoff but much less than the pulse rate, 
the filter factor of the servo is less. For a band- 
width of f, the reduction in noise amplitude is: 








K=|/ f (6-105) 


This filter factor and the sensitivity of the 
tracking radar can be used to relate angular 
noise or error to the electrical noise in the out- 
put of the radar. The sensitivity factor (K,), 
relates a displacement of the target from the 
boresight to the error signal output of the radar. 
In order that the error signal be independent 
of the exact size and range of target, all track- 
ing systems have outputs normalized by the on 
boresight signal strength. Thus, if we normalize 
the target deviation or angular noise («) by the 
beamwidth (0): 


3 1 N 
— — — 6-106 


The sensitivity factor has already been dis- 
cussed for various types of tracking radar. 
Table 6-4 lists the sensitivities of common track- 
ing radars. 





5.3.2 Thermal Noise 


One of the largest sources of error in a track- 
<= radar is usually the electrical noise in the 
atput of the radar. The effect of the noise on 
-acking accuracy will depend on the signal-to- 
Oise ratio. This can be computed in the usual 
asShion if the only noise source is considered 
>» be thermal noise. 


For many applications thermal noise is the 
lominant error source to such an extent that 
»ther sources may be neglected. If this is so, 
“-hen the voltage signal-to-noise ratio is given, 
[Or a skin-tracking radar, by: 


(=)= P,G?P2MA,D 
N / aaar (42)? R4 N, KTB 
where: 


(6-107) 


P, = radar peak power, watts 
G, = one-way antenna power radar gain, 
connected for the type tracking in- 
volved 
i = wavelength, meters 
A. = target echo area, square meters 
R = target range, meters 
N = noise figure of the radar receiver 
KT — Boltzmann’s constant x absolute tem- 
perature (watts per cycle) 
B = radar bandwidth, cycles per second 
L = losses in propagation and/or r-f cir- 
cuitry 


For a radar tracking an airborne beacon, the 
performance depends upon two separate trans- 
missions. Accordingly, a full prediction of the 
performance depends on two calculations. We 
will first calculate the condition for triggering 
of the beacon by the radar and then calculate 
the performance of the tracking function. 

In order to trigger the beacon, assuming it is 
a crystal receiver with a sensitivity (S) watts, 
the received signal at the beacon must be at 
least: 

Sz PG: G,RL (6-108) 
(4x)? R? 
where: 


G, = beacon one-way antenna power gain 


This expression does not depend explicitly on 
thermal noise, because the sensitivity of a crys- 


tal beacon is usually determined by the noise 
generated in the crystal. Unlike ideal thermal 
noise, this noise does not have a flat spectrum, 
but increases in power density with decreasing 
frequency. This is the basic reason why crystal 
receivers are far less sensitive than superheter- 
odyne receivers and why the sensitivity is usu- 
ally specified for a given crystal and receiver. 

The more sensitive superheterodyne beacons 
depend for their triggering upon the signal-to- 
noise level in the same manner as the radar. If 
the beacon is adjusted to trigger at a given 
signal-to-noise level, (S/N), the condition for 
triggering is: 


($2 P, G; Gy? L 
N ] seacon (4x)? R? N, KTB 


where N, and B are now respectively the noise 
figure and bandwidth of the beacon receiver. 


Having successfully triggered a beacon, it is 
now necessary to calculate the signal-to-noise 
received at the radar in order to determine 
tracking accuracy. If the beacon transmits a 
peak power of (P,) watts, the signal-to-noise at 
the radar will be given by: 


(S.) _  P,G,G.2L 
N/ radar (41)? R? N, KTB 


N, and KTB are in equation 6-110 which in- 
cludes the radar receiver parameters. 


Equations 6-107 through 6-110 are the basic 
radar equations for a tracking radar. They are 
more fully developed elsewhere, and need no 
proof here. 

Anything that is done to improve or degrade 
the signal-to-noise at the radar will cause a cor- 
responding effect on the tracking accuracy. Nor- 
mally a tracking radar receives information at 
a high-data rate. If this information is smoothed 
by the action of a low-pass filter, a considerable 
improvement in performance can be attained. 


(6-109) 


(6-110) 


6-5.3.3 External Radio Noise 


The effect of thermal noise on the tracking 
radar accuracy has already been noted. Gener- 
ally this thermal noise is the most important 
noise source in the microwave spectrum. For 
relatively low frequency radars, or in special 
radar environments, other noise sources exter- 
nal to the radar may become important. These 
may be of three types: 
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(a) Atmospheric noise originates in the 
earth’s atmosphere from lightning, meteors, au- 
rora, etc. 

(b) Cosmic noise originates from discrete 
sources such as stars or from the extended area 
of the galactic plane. 

(c) Man-made noise, from commutators, 
spark gaps, diathermy machines, etc., is most 
troublesome in heavily populated areas. 

These external noise sources may be from 
relatively discrete sources such as the sun, or 
from extended sources such as the atmosphere. 
Their effect on the radar is then determined in 
part by the gain and orientation of the radar 
antenna. Figure 6-67* shows values for these 
noise sources compared to ideal receiver noise 
for an isotropic receiving antenna. 

For convenience, these values are given in 
terms of a noise factor similar to the noise fig- 
ure used to evaluate thermal receiver noise. 

Cosmic noise sources are often specified in 
terms of brightness b, or temperature 7'y and 

solid angle 2, or flux density S. These are re- 
lated by: 


po ees ‘= (6-111) 
S = b0 (6-112) 
where: 


K is Boltzmann’s constant 
Ais wavelength 


The power received by the radar is then, for 
random polarized noise: 


ps <= SAB (6-113) 


where: 
A is receiving area 
B is receiver bandwidth 


This can be written as: 


P= (ze) (AP) (=) 
4xn T A2 

where T is the standard temperature used in 
the radar equation, 290°K. In this form we 


(6-113a) 





*Adapted from the curves presented on page 763 of 
reference 62. 
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recognized the receiving gain G and definme th 
external noise factor: 


(€6-113b, 


This analysis is valid for small angles ©, but 
when Q is comparable to the beamwidth of the 
radar, the expression should be an integral and 
in general, the full gain of the antenna is not 
realized. For the case of 2 much greater than 
the beamwidth, this reduces to: 


NxG—2 


T (6-113c) 


In any application, a correction should be 
made for the applicable gain of the antenna. 
On discrete sources the noise may be enhanced 
by the full gain of the antenna. On the galactic 
plane and probably on extended man-made noise 
sources, the realizable gain will be limited to 
10 to 15 decibels. Conversely, when directed 
away from these sources, noise factor from the 
figure (reduced by the applicable antenna gain) 
is compared to receiver noise figure (Figure 
6-107). The combined effect of both thermal 
and some external noise can be found readily 
since noise adds in power. Figure 6-68 facili- 
tates addition of powers expressed in decibels. 
Since receiver noise figure and this noise factor 
are both measures of noise power, they can be 
added with the aid of this figure. 


To illustrate the procedure outlined in the 
above paragraph suppose we have a radar 
operating at 500 megacycles tracking a target 
against a background of the galactic plane. 
Assume an antenna gain of 35 db and that the 
target is well above the horizon. Then, any man- 
made noise is attenuated by at least the full gain 
of the antenna but the galactic plane noise will 
be enhanced by 10 or 15 decibels. This yields a 
value of zero to five decibels for galactic noise. 
The man-made noise factor will be about —10 
db and may be neglected. A reasonable receiver 
noise figure at this frequency is 6 db. The cosmic 
noise is then appreciable. The total noise factor, 
taking the pessimistic estimate of cosmic noise 
factor, is about 5 plus 3 or 8 db. This may be 
used in radar calculations in the same manner 
as receiver noise figure. 
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Figure 6-67. External Noise Factor (Referenced to Ideal Receiver Noise) 
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A (db) — B (db) 


Figure 6-68. Addition of Scalar Quantities Expressed in Decibels 


5.3.4 Rain and Ground Clutter 


Clutter is an uncorrelated return from rain, 
nliage, waves, etc. In general it has somewhat 
1e same characteristics as noise and will have 

Similar degenerative effect on tracking accu- 
acy. 


Because it is a reflection, the clutter spectrum 
s centered on the radar frequency and of lim- 
ted width. This leads to its removal by moving 
-arget indication (MTI) techniques. In addition, 
rain clutter, because of the spherical shape of 
the rain droplets, can be filtered in large meas- 
ure by polarization techniques. 


Rain cancellations with a circular polarizer 
have been measured up to 30 db. Ground clutter 
cancellation with the most refined techniques 
may be as high as 70 db, but with a single stage 
of cancellation 30 db can be expected. 


The effect of clutter on the tracking radar 
without cancellation can be computed from the 
echo area of the clutter. For rain, the echo area 
is given by: 


_10,90,R? | cT _, 800 (d)*N 
— eae ic MM 


r 


(6-114) 
where: 


o, = rain clutter echo area, square meters 
0, = azimuth beamwidth in radians 
0, = elevation beamwidth in radians 
R = range, meters 
ec = velocity of light, meters/second 
T = pulse duration, seconds 


d = average rain drop diameter 


N = rain density drops per cubic meter 
A = radar wavelength, meters 


Typical rainfall intensities and their corre- 
sponding parameters are taken from Kerr® and 
tabulated in Table 6-6. 


For ground clutter, assuming grazing inci- 
dence, the echo area is: 


cT 


o,5—9,R X = <A; (6-115) 


where: 
A, = specific echo area, meters/meter 


For heavily wooded countryside, the specific 
echo area is about —4.5 db. For open plains it 
is about —13 db. 

Having found the clutter echo area the clut- 
ter-to-signal level before cancellation will be 
given by the ratio of this echo area to the target 
echo area (see Figure 6-69). If the radar has 
MTI circuits or circular polarizers, the clutter- 
to-signal level will be less by the amount of can- 
cellation. 


In a search radar the combined effect of clut- 
ter and thermal noise can be computed by add- 
ing them in a power sense. In tracking however, 
it is desirable to calculate the errors induced by 
the two causes separately. They have different 
range dependence and different spectra. 

The clutter-to-signal ratio can be used to cal- 
culate angular errors due to clutter using the 
same formula that is used for thermal or other 
noise. However, since the two fluctuations have 
different spectra, a filter factor for the clutter 
must be calculated as discussed below. 


TABLE 6-6. TYPICAL RAINFALL INTENSITIES 


Description of 
Rain 


Intensity 
mm/hr 


Drizzle 


Moderate 


Heavy 





N/Meter® 


d (Meters) 


1.0x 10 27 
1.3x10. 


1.9x10 
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To calculate the effect of the servo filtering 
m clutter noise it is necessary to know the 
pectrum of the clutter. Because the width of 
his spectrum is much narrower than the prf, 
ihe filter factor derived for wide-band noise 
“such as thermal, atmospheric, etc.) does not 
apply. Actually this spectrum is often of com- 
oarable width to the servo bandpass. When this 
is so the filter factor for clutter must be calcu- 
fated by actually multiplying the normalized 
power clutter spectrum p(f) by the filter re- 
sponse h(f) and integrating: 


1 
f “n(f) p(f) af 


If the clutter spectrum is much narrower than 
the filter bandpass there will be no improvement 
due to filtering and the filter factor is unity. If 
the clutter spectrum is several times as wide 
as the filter bandpass then the filter factor may 
be approximated by formulas similar to those 
found for wideband noise. Clutter spectrums 
for ground clutter, rain clutter or window are 
usually approximated as Gaussian. This is borne 
out by empirical results. 


Then the normalized spectrum is given by: 


Pie (6-116) 


9 Paper lod 
\/inf é 27,2 (6-117) 


where f/f,” is the variance of the spectrum. The 
power out of the filter is given as before by the 
integral of the filter power response times the 
normalized power spectrum. However, if f, is 
much larger than f., the amplitude of the power 
spectrum may be considered constant over the 


p(f) = 


passband: 
| oe es Jian 
\ ew ackversaa _ 1/2 tn 
0 1+ (f/f.)? / 2x fn? os 8 he 
(6-118) 


We can, therefore, calculate the effect of the 
filter on the clutter if the spectral width of the 
clutter is known. To find this, note that clutter 
is caused by Doppler return from a random 
group of scatterers or clutter particles. The clut- 
ter is then characterized by a variance and a 
standard deviation of clutter particle velocities 


and this deviation is related to the standard 
deviation of the clutter spectrum by the Doppler 
formula: 

fy = (6-119) 
where A is the radar wavelength in meters and 
V,. the standard deviation of clutter velocities 
in meters per second. Typical values of this 
standard deviation are given in Table 6-7. 

There are two possible complications to this 
picture of the clutter spectrum which may 
infrequently arise. If the radar is on a mov- 
ing platform and is a coherent radar, the en- 
tire clutter spectrum is translated in frequency 
by the Doppler shift due to platform motion. 
Another effect arises in a conical scanning ra- 
dar. The motion of the beam gives rise to scan- 
ning clutter which broadens the clutter spec- 
trum. Clutter may cause large errors in a conical 
scan system since the clutter may be present 
on one side of the scanning pattern but not the 
other. 

No discussion has been made of sea clutter. 
A word of caution is called for. The spectrum 
of sea clutter is not the random affair that was 
seen for ground clutter. Due to the wave action, 
sea clutter sometimes exhibits strong peaks at 
discrete frequencies. 

Another point to be borne in mind is that 
ground clutter will be attenuated beyond the 
radar horizon. For this reason ground clutter 
is probably a limitation on tracking accuracy in 
only rare applications where surface targets are 
being tracked or where the radar is elevated and 
tracking low-flying targets. Beacon operation is 
normally not affected by clutter returns, but if 
necessary the procedure above can be followed 
similarly for beacon operation. 

Clutter errors can be combined with other 
errors by methods discussed in paragraph 
6-5.3.8. 


6-5.3.5 Servo Noise and Servo Dynamic Errors 


Most tracking radars function by driving a 
large dish or array in such a manner as to keep 
its boresight aligned with the moving target. 
The servomechanisms required to drive these 
antennas have faults and limitations which may 
cause appreciable angular error. Also, even 
trackers that might use a stationary array 





6-109 


TABLE 6-7. STANDARD DEVIATION OF CLUTTER PARTICLE VELOCITIES 


Clutter Type 


ae 
Heavily wooded hills, 50 mph wind 


Hk 
Heavily wooded hills, 20 mph wind 


Sparsely wooded hills, calm* 


Rain clouds” 
Window** 


Standard Deviation 


0.34 meters/second 
0.21 

0.017 

1.93 

1.06 


4, Calculated from curves given in Reference 63, 
* Calculated from data given in Reference 64. 


would probably utilize servos in driving phase 
shifters or attenuators. 

One of the more important attributes of the 
servo from an accuracy viewpoint has been dis- 
cussed previously. Normally the servo has a 
very narrow bandwidth. This can be an aid to 
accuracy by filtering much of the noise from 
various sources, or it may be a limitation to 
accuracy because of the associated longer re- 
sponse time for the servo. Concerning servo 
bandwidth it should be noted that the literature 
of servos defines noise bandwidth as the fre- 
quency where the open-loop servo response be- 
comes less than unity. This should be distin- 
guished from closed-loop half power point, al- 
though generally they will be almost equal val- 
ues. This distinction is illustrated on the typi- 
cal response curves of Figure 6-70. 

In addition to the dynamic errors due to the 
finite response time of the servo and the noise 
admitted by the servo bandwidth, the servo it- 
self will usually generate certain errors. A num- 
ber of these are of a random or noise type. They 
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may be due to gearing backlash, motor slot- 
locking, component nonlinearities, amplifier 
drifts, distortions due to loading, hum pickup, 
etc. Obviously such errors are a function of the 
mechanical system and are subject to the skill 
of the designer. These errors are usually small. 
An estimate of their value for a specific system 
is made in reference 65. 


One of the common causes of tracking rough- 
ness is the nonlinearity of the friction forces 
in the servo mount. In many cases the linear 
analysis of servomechanisms assumes that all 
friction 1s viscous, 1.e., proportional to velocity. 
Actually the friction force may vary with veloc- 
ity in the fashion shown in Figure 6-71. There 
are a number of components to this characteris- 
tic. The sharp spikes near zero velocity represent 
stiction. Due to the higher coefficient of friction 
in the static case, a larger force is needed to start 
the motion than to continue it. This can cause 
considerable roughness at slow tracking rates. 
Some of the friction forces are coulomb fric- 
tion. These depend only on the direction of mo- 
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Figure 6-70. Typical Servo Response Curves 


tion and are constant for all speeds. The re- 
mainder are viscous friction or drags (due to 
windage, etc.) that are proportional to higher 
powers of velocity. The stiction problem is alle- 
viated by proper lubrication and is sometimes 
treated by the use of dither. This consists of 
adding a small alternating signal to the servo 
error signal to keep the servo in motion oscillat- 
ing slightly about the target. Even when stic- 
tion is eliminated the coulomb friction requires 
a certain minimum force before motion can oc- 
cur. This necessitates a minimum error. The 
net effect is to produce a dead-band about the 


target bearing. The servo can track at best only 
at the edge of this dead-band. In addition to this 
lag the velocity and acceleration of the target 
require more error signal to actuate the servo. 
To illustrate this, Figure 6-72 compares empiri- 
cal data of servo error for constant velocity 
targets with an error of the form: 


, 


) 
Kw, 
For the values taken the agreement is good. It 


might be noted that the value chosen for Kw, 
is a reasonable one. 





e—e,+ (6-120) 
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Figure 6-71. Frictional Drags on a Servomechanism 


Disregarding for the present the dead-band 
lag, the dynamic errors of antenna servos may 
be analyzed in a straightforward fashion. Gen- 
erally these servos are of Type I. They have one 
integrating element in their loop, such as a d-c 
motor. A basic Type I servo has an open-loop 
frequency response like that shown in Figure 
6-73. In practice, although the servo loop will 
have a more complicated transfer function, it 
may be approximated for many purposes by this 
simpler characteristic. The transfer function 
pictured is of the form (where S is the complex 
frequency): 


0 


9. _ G(s) — ___™ K 
€ 


ny tee 
(6-121) 


If the error is assumed small, then ©,, the head- 
ing of the antenna, will be approximately equal 
to the azimuth of the target, 6.* Then the error 
is given by: 


*More exact analysis as well as treatment of elevation 
and range aspects of the pass course problem are 
given in references 66 and 67. 
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ANGULAR 
VELOCITY 
e(s) = S (1+ S/o) 95) (6-122) | 
In the time domain, this is: 
1Oe2 222s © (6-123 


Wo Oo, Ka; K w,” 


This error is a lag due to the rapid motion of 
the target. A common case of interest is the 
error associated with the pass course of 3 
target. For target paths close to the radar the 
angular rates required of the servo may b 
very high. Figure 6-74 shows the geometry of 
the pass course problem assuming a target 
flying a straight, level line at altitude H and 
constant speed V. If the slant range to the 
target at its closest approach (crossover) is 
R, and the elevation angle at the same time is 
do, then the azimuth angle of the target at 
any time ¢ is: 


Vt 


08 — tan—! ——_——_ 
sae R, cos ¢, 


(6-124) 
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Figure 6—72. Constant Velocity Servo Errors 
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Figure 6-73. Basic Type | Servo Open Loop Response 
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Figure 6-74. Pass Course Geometry 
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Successive differentiations yield: 


» 


3 ———- c0s? 9 6-125 
PR. cos ¢, a ( 
dig V 2 : 
92 pe) cos? @ sine 0 (6-126) 
FR, COS $5 
edd V 3 . 
eo —2 ——) cos! © (4 sine? 6 — 1) 
FR, cos $5 


(6-127) 


nese expressions can be used to find the error 

any angle 0. However, we are generally 
iterested in the maximum error, €n,:, Which is 
efined from equation 6-124 by: 


de _ 9 — On -+- On 


ee -12 
dt K a, K w,? Stee 


Substituting for the derivatives; and solving for 


ee Gee 
@) R, cos Po 
which we denote by a: 


V See tan ©,, 
w,R,cos¢. 1—4sin?0,, 

(6-129) 
Figure 6-76 shows this relationship which 
defines the angle 0,, at which the maximum 
error occurs. The maximum error is found with 
this value of 0,,. It will be convenient to re- 
arrange equation 6-124 to put it in the form: 


a” 


0 


a 6 = 6,, 





6 
m K = |j— 
- a (6-130) 


= acos? O,, + 2 a? cos? O,, sin 0,, 


It may be seen that the quantity a determines 
the maximum error. This is as expected since 
a is the ratio of the maximum angular rate of 
the target to the bandpass of the servo. Equation 
6-130 is also plotted on Figure 6-75. 


Note that for small values of (less 
w, R, cos 5 


than 0.2) that ¢,,., K is equal to it. That is: 


V 


Sa Ore es ees 
FR, cos do 


(6-131) 


Also note that any dead-band lags add 
directly to these dynamic errors unless cor- 
rected. In a given application the values of the 
servo constants K and w, will be limited by 
stability and the mechanical resonant frequency 
of the antenna structure respectively. This 
resonance should be at least one to two octaves 
higher than the servo-passband, not only to 
prevent resonant response, but also to limit 
the errors in the servo due to nonlinearities 
such as wind-up in the gear train. To give an 
idea of the magnitudes involved; the TPQ-5 
(XE-1) antenna showed resonance in azimuth 
at 10 to 12 cycles and the servo drive had a 
half-power bandwidth of three to four cycles. 
In elevation the bandwidth, which corresponds 
to w, of two to three cycles, was the same, but 
the resonant frequency was about seven cycles. 
This was close enough to cause difficulty. What 
values of K and w, are feasible for a given 
application will depend on a highly detailed 
estimate of the antenna characteristics in a 
given application. In fact the angular error due 
to the pass course target may in many instances 
serve to determine the required gain and band- 
width. This in turn may affect mechanical 
design and electrical characteristics of the 
entire system. 

The subject of servo errors would be incom- 
plete without some discussion of the techniques 
utilizing the servo error correction signal 
(ECS) to improve the tracking performance. 
Two possible methods of doing this are shown in 
Figure 6-76. The advantage is evident. 
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Figure 6-76. Servo Systems Employing ECS Correction 


6-117 


In either case the ECS servo is an instrument 
servo which may be built with much more accu- 
rate components and higher frequency response. 
At the same time the narrow bandwidth of the 
smoothing circuitry serves to filter the noise 
from the radar. The noise, roughness and dead 
band of the power servo are compensated by 
the fast and accurate response of the ECS 
servo. Furthermore, the mechanical resonance 
of the antenna drive does not limit the ECS 
bandwidth as it does for the power servo. 

This may often lead to a simpler and more 
economical power servo. Reference 69 treats 
r-f ECS systems in some detail. 


6-5.3.6 Target Scintillation Effects 


Most radar targets and especially aircraft, 
present complex surfaces of reflection to the 
incident radiation. Because of this, slight 
changes in target aspect may cause very great 
changes in the radar echo signal. Also, the 
apparent center of the target shifts. The terms 
glint, wander, scintillation and fading have all 
been used in various ways to describe these 
effects. In this section fading refers to the 
fluctuation in echo amplitude and wander 
refers to the angular variations of the apparent 
center of reflection. (These same two effects 
have sometimes been called amplitude modula- 
tion and glint; or amplitude noise and angle 
noise.) It is apparent that these effects are 
nonexistent (or at least minimized) for beacon 
operation so this section refers only to echo- 
tracking radars. Both fading and wander cause 
angular errors in certain types of tracking 
radars, but the errors are of different types. 
These are two distinct effects and their differ- 
ences should be clearly understood. 


FADING 

Fading is a time variation of the total signal 
strength. Its cause is probably a combination 
of effects. The reflection from a complex target 
such as an aircraft exhibits a multilobed pat- 
tern. The lobes are narrow and close together, 
so very small changes in aircraft aspect may 
cause large changes in signal strength. Another 
possible cause of fading is so-called differential 
Doppler reflection. Because of the finite extent 
of the target the radial velocity is not constant 
for the entire target, even though the target 
is a rigid body. Also, for nonrigid targets, 
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relative motion between parts of the targi 
gives rise to amplitude modulation. For e: 
ample, propeller modulation is very marked i 
echoes from the head-on aspect of convention: 
aircraft. The combination of these effects give 
rise to a noise-like amplitude modulation of th 
reflected signal strength. 

The effect of fading on the radar depend: 
on the type tracking involved. Because it is : 
fluctuation with time, monopulse or simul. 
taneous comparison radars are affected only 
indirectly (the loss of signal strength enhanciny 
the errors due to other effects). This is 
accounted for in the value of target echo arez 
used, which is that echo area exceeded 50 per- 
cent of the time. Sequential lobers and conical 
scanning radars are affected more directly by 
fading. Variations of the echo in the period 
between lobe comparison results in a difference 
signal that is due to the fading, in addition to 
any difference signal that may be present 
because of the displacement of the target from 
boresight. This results in a component of fading 
noise in the difference or error signal. The 
amplitude of this noise depends on the fading 
characteristics of the target (which will in 
general depend on radar frequency) and the 
lobing frequency of the radar. However, since 
the error signal is standardized by dividing by 
the average signal (either by AGC or phase- 
detection techniques) the amplitude of the 
error due to this noise is, within limits, 
independent of range. It can therefore be com- 
puted if the spectrum and percent modulation 
of the fading are known for a given target. 

Spectra or determined errors exist for special 
cases, but little data of general usefulness is 
available. However, if the target is complex, 
it is often assumed that the scan-to-scan returns 
are composed of random signals from numerous 
point targets. This leads to a Gaussian prob- 
ability distribution for any component of the 
echo, or a Rayleigh distribution for the ampli- 
tude of the echo. If the target return is con- 
sidered to consist of these random signals plus 
a steady component, the amplitude distribution 
should approach a Gaussian. Empirical meas- 
urements* verify this. 


“Reference 70. Measurements on an SNB type aircraft. 

This reference states that measurements were also 
made on an F94 jet, but does not give distribution 
functions for this A/C. 


Assume the Rayleigh distribution and evalu- 
> the effect of fading. The probability of a 
rnal amplitude (zx) is: 

zr? 


= (6-132) 
To evaluate the deviation, use the usual 
>finition of target area as that area exceeded 
) percent of the time. If the signal calculated 
n the basis of this area is S, then: 


xv 
p(x) =-—e 
= 


a2 
P(e >s)=%= [Ze 2° dx (6-133) 
s OF 


2erforming the integration: 











Wyre | (6-134) 
Thus: In2= ~ (6-135) 
And: of =—— = 0.721 s? (6-136) 

2 In- 


Now the part of the return that produces fading 
noise is only the difference from the average 
echo. To evaluate this noise calculate the rms 
value of this difference from the average. Call 
this N, and the average signal return 2,,. The 
rms and average values are calculated by 
multiplying a variable by the time that it exists 
In an interval and dividing by the length of 
the interval. However, the probability distribu- 
tion only expresses the relative portion of the 
time that these quantities have a given value. 
Therefore: 


ce =| x p(x) dz (6-137) 
0 


N,= Vf. (2 — Lar)? p(x) dx 


The average value can be computed directly: 


(6-138) 


ra 
* =f di e lites dx (6-139) 
"Jo (0.721 8° 
1.442 s? 
ie cae — 1.068 


This simply states that the average value of a 
Rayleigh distributed signal is equal to 1.06 of 
the median value. The integral of equation 
6-188 may be expanded to: 


N= f° a? p(x) dz — Bat f° xp (2) da — aa? f * p(x) dx 
0 0 : 


But the last two integrals are respectively 2,, 
and unity. The first integral defines the rms 
value of the total signal: 


Lrms — ys 
) [2 e@ dz 


=e 
= f rs l4ize G2 
9 0.721 s* 


= 1.208 (6-140a) 

Equation 6-140 is then: 

Ny = VJ yma — Lav? 
= 0.55 8 


=V (1.45 — 1.138) s? 
(6-141) 


This indicates a basic noise-to-signal ratio for 
fading noise of a Rayleigh character, of about 
55 percent. As with other forms of noise, this 
will be improved by filtering. To determine the 
amount of filtering improvement, remember 
that this discussion of fading applies only to 
sequential lobers, so that the signal is carried 
in the side bands of the lobing frequency. Also, 
fading spectra are narrow-banded compared 
to pulse rates. The filter factor derived for 
wideband noise therefore does not apply to 
fading noise. It can be calculated from the 
filter power response, h(f), and fading power 
spectrum, p(f), by integration: 


6 (6-142) 
firm ena 


Note that the limits of integration must extend 
from minus infinity because the noise is on the 
lobing frequency carrier. If the servo band is 
very narrow compared to the fading spectrum, 
the spectrum may be considered constant over 
the integration as was done in previous calcul- 
ation. If A,, is the amplitude of the normalized 
power spectrum at the lobing frequency f;: 


1 1 


K/ — — 
A;, df m fo Ay, 


2 1 

J -« 1+ (f/f)? 
(6-143) 

(6-140) 
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Typical spectra for an R4D (C-47) type air- 
craft are shown in Figure 6-777. The effects of 
propeller modulation are quite noticeable. To 
calculate fading noise for other targets, spec- 
trum information should be found if possible. 
In the absence of empirical information, it is 
possible to calculate a spectrum by the differ- 
ential Doppler theory. The target is considered 
composed of point targets corresponding to the 
major parts of the airframe in geometry and 
with echo strengths weighted according to the 
silhouette of the part.™-73 Such calculations are 
too lengthy and tedious. However, some inform- 
ation concerning the spectrum can be calculated 
rapidly. If the sweeping assumption is made 
that the target in the broadside position is 
represented by a uniformly illuminated slot of 
length equal to the length of the target, a beat 
frequency can be calculated by considering the 
lobes of the refiection pattern. These will be 
spaced apart by an angle: 


A 
8 = — 6-144 
ry ( ) 
where l| is the length of the target and A the 
radar wavelength. These lobes give a large com- 
ponent of amplitude modulation at a frequency 
given by: 


_V__ 2vl 
RO RA 


where V is the target velocity and R the range. 
Calculations of this sort made in reference 74 
show good correlation with strong frequencies 
observed in empirical measurements. The cal- 
culations should be better for targets similar 
to long cylinders such as missiles. 


f (6-145) 


WANDER 

Although a great deal has been said of fading, 
it is probably a less important scintillation than 
that fluctuation of the center of reflection called 
wander. This is true only because of the in- 
creasing use of monopulse type radars (which 
are not susceptible to fading errors) over the 
sequential lobers. Both types of tracker are sus- 
ceptible to wander errors. 

The physical cause of this wander is the same 
as the cause of fading. The complex target shape 
reflects a wave front which has ripples and 
kinks in it unlike the idealized spherical wave 
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front reflected from a point target. Since an 
tracking system is basically measuringe th 
angle of approach of the wave front, these ri FP ple 
can cause an error in the angle sensed by th 
device (see Figure 6-78). Small fluctuatioms o 
target aspect and/or vibrations cause this amg]. 
error to vary in a noise-like manner about som 
mean position. It is important to note that the 
mean position 1s not necessarily the geometr-ica 
center of the target. Generally, however, because 
of the randomness of the fluctuations, the mean 
error will be small compared to the instantan- 
eous excursions. 


Like fading, wander may be analyzed by con- 
sidering a group of point targets with appro- 
priate weight and geometry to approximate the 
actual target. Based on an analysis of this 
sort,’? the various types of tracking radars have 
equal performance with regard to wander with 
the exception of combination monopulse. Be- 
cause of the two-beam nature of combination 
monopulse systems, interaction between beams 
occurs in the presence of wander. This can lead 
to very large errors in one axis compared to 
those for other tracking methods. For short 
range applications, if wander is the dominant 
source of error, the ratio of elevation sensitivity 
to azimuth sensitivity of the combination 
monopulse has an optimum value which de- 
pends upon the shape of the target. If equal 
errors in the two axes can be tolerated, for 
typical aircraft targets the elevation sensi- 
tivity should be about twice the azimuth 
sensitivity. Under this condition, the error 
in either axis will be about 3 db larger than for 
other systems. The optimum ratio of sensitivi- 
ties arises from the shape of the aircraft silhou- _ 
ette. For targets extending equally in azimuth , 
and elevation, or whose orientation is random, | 
the two sensitivities should be equal. For targets | 
such as rising missiles which extend further in _ 
elevation than azimuth, azimuth sensitivity | 
should be larger than elevation sensitivity. 


Calculation of the errors due to wander is | 
hampered by a lack of empirical data. Available | 
information shows rms values of the wander 
measured in feet at the target of from 0.05 to 
0.30 times the span of the aircraft for a front 
or rear aspect and about twice as much for the. 
side aspect. A combination of theoretical and | 
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Figure 6-78. Showing How Wander Arises from the Distorted Wavefronts Reflected from a Complex Target 


empirical work at Hughes has led them to pro- 
pose the values of wander™ (in feet at the 
target) given in Table 6-8. 
As mentioned above, the spread of observed 
values differs widely from these values. 

The spectrum of wander noise is very nar- 
row. For the R4D (C-47) aircraft empirical 
spectra given in reference 73 are six to ten 
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cycles wide. Whether this is representative is 
not known. In a given application, if the spec- 
trum of the wander or angle noise is known, the 
filter factor can be calculated as before: 


1 


K? = ———-—_ 
J h(f) p(f) af 


(6-146) 


TABLE 6-8. VALUES OF WANDER FOR 
PROPELLER DRIVEN AIRCRAFT 







If only the cutoff frequency (f,) of the wander 
spectrum is known the filter factor may be ap- 
proximated by: 


K, ~ a 


where as before, f, is the servo bandwidth. 


(6-147) 


CONCLUSION 


The calculation of errors due to scintillation 
effects, which may be very important, depends 
upon empirical information. Much more infor- 
mation is needed in order to predict these errors 
with confidence and design for minimizing them. 
Care should be used in tabulating empirical 
results. Much of the data available is of limited 
usefulness because of a lack of information about 
the conditions under which it was gathered. For 
example, as indicated by equation 6-145, the 
fading spectrum is affected by target velocity, 
dimensions and range, as well as frequency of 
the radar. Yet the target information is not 
supplied in the reference from which the curves 
of Figure 6-77 are taken. In other papers, the 
data is difficult to evaluate because it is not 
clearly specified whether the noise has been fil- 
tered by the servo. Future empirical work 
should avoid these difficulties. 


In concluding, it should be mentioned that 
frequency agility techniques have a striking 
and salutary effect on errors due to scintillation. 
Since scintillation effects are very frequency 
sensitive, rapid random frequency shifts cause 
the scintillation noise to be raised to a frequency 
range well above the servo passband. The theory 
of this effect is stated in reference 75 and em- 


For single-engine aircraft: 
For twin-engine aircraft: 0.138 x span of aircraft 


For four~engine aircraft: 0.115 x span of aircraft 


0.162 x span of aircraft 






pirical measurements are presented in refer- 
ence 76. 


6-5.3.7 Propagation Errors 


All of the usual phenomena of classical optics 
occur to significant degree in microwave propa- 
gation. These propagation effects may be limit- 
ing sources of error in many applications. At 
elevation angles of less than a beamwidth, re- 
flection of the radar energy from the surround- 
ing terrain will cause interference with the 
signal propagated directly. The errors so caused 
may be very severe. Diffraction of microwaves 
is usually so small that it is neglected, yet at 
grazing angles in certain situations it may be 
more important than interference. Because the 
earth’s atmosphere varies greatly in refractive 
index, any propagation through this medium 
suffers refraction, or bending. The effect may 
cause large errors even at fairly high elevation 
angles. Finally, attenuation by the atmosphere 
may so weaken the radar signal that other 
sources of noise become more serious in pro- 
ducing angular errors. 


Figure 6-79 illustrates the regions in which 


varlous propagation phenomenon usually pre- 
dominate. 


REFLECTION 


For most short range systems, interference 
due to reflection is probably the worst propaga- 
tion problem. This causes effects similar to fad- 
ing and wander, but which may be much more 
pronounced. 


The interference is due to multipath propa- 
gation. Figure 6-80 illustrates how the beam is 
affected. The ground reflection may be thought 
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Figure 6-79. Regions of Propagation Phenomena 


of as an image beam. The intensity and relative 
phase of this beam will depend on terrain and 
frequency, as well as radar height and beam 
shape. However, where the two beams overlap 
they cause alternately constructive and destruc- 
tive interference. 

The usual reflecting surface is the ground or 
sea, so that the largest errors are in elevation. 
However, large nearby objects such as steep 
mountains may give rise to appreciable reflec- 
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tion in the horizontal plane. Obviously the effect 
is worse for targets at low elevation angles. 
Highly attenuated sidelobes and narrow radar 
beams help to decrease the minimum angles at 
which the interference is tolerable. 


The size of the errors due to interference will 
depend upon frequency, beam shape, and ter- 
rain, but an estimate of the frequency of this 
interference fading and wander can be made in 
a straightforward fashion. From Figure 6-81 the 
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Figure 6-80. Effect of Reflection on the Radar Beam Assuming Flat Earth, No Diffraction or Refraction 


phase difference between direct and reflected re- 
turn, neglecting the phase change due to reflec- 
tion and assuming a plane earth is: 





2n 
=; 


| +h)? + -R| 


_ 2nk 4h, ho 
ae |y2+ 7 -1| 


Now, in order to have the beam so low as to in- 
clude reflection, normally ho<< R. (This may 
not be a valid assumption for an airborne 
tracker). Under this condition the binomial ap- 
proximation to the radical leads to: 


- An h, h. 
AR 
This phase difference is changing, causing a 


modulation of the return at a frequency given 
by (assuming constant altitudes) : 


(6-148) 





0 (9 inradians) (6-149) 


pat dO _ 2hiky dR 


alae 6-150 
2x at AR? dt ( ) 


It might be convenient for comparison, to write 
this in the form: 


t= Ce) & 





(6-151) 


where f, is the Doppler frequency of the return. 
For an aircraft target velocity of 500 meters per 
second (at 1100 mph), elevation angle of one 
degree and an x-band radar height of ten feet, 
this frequency is about 1/10 cycle per second. 
Thus, the effect of this fading on a sequentially 
lobing radar should be slight and is insignificant 
on monopulse systems. The wander due to the 
modulation, however, will be troublesome and 
will probably be unimproved by filtering. 
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Figure 6-81. Geometry 


The magnitude of the error depends upon the 
ratio of the reflected signal amplitude to the 
direct signal amplitude and therefore the effec- 
tive reflection coefficient of the terrain. Some 
experimental values for this coefficient are given 
in reference 63. However, the values vary 
widely with terrain, frequency and angle of in- 
cidence. The reflected signal will probably be of 
the same order of magnitude as the direct signal 
until attenuated by the beam shape. The advan- 
tage of low sidelobes is apparent. However, 
these and the narrow beam only make it possible 
to go lower without having this effect become 
significant. It is necessary to avoid the region 
where the effect occurs, especially if elevation 
tracking is required, but also for azimuth track- 
ing unless the terrain is very flat. 

Figure 6-82 and 6-83 are the maximum pos- 
sible errors for monopulse radars due to reflec- 
tion from the ground surface.77 These curves 
are based on an assumption of total reflection 
with random phase. The advantage of the lower 
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of the Reflection Problem 


sidelobes in the tapered (cosine) illumination 
is apparent. Empirical results indicate that 
these are pessimistic estimates, probably due to 
the roughness and therefore reduced reflection 
coefficient of actual sea surface or terrain. 

The errors that are derived from this effect 
have been measured in some cases to be of the 
order of degrees and elevation may appear to 
be negative. The effect will occur for all type 
of radars, but will be somewhat more marked 
for combination monopulse. It was noted above 
that this type system will have larger errors 
than any other due to scintillation wander. The 
same is true for wander due to interference. 
Note also that wander in elevation will cause 
an apparent wander in azimuth in the combina- 
tion system. For example see Figure 6-84. Very 
great caution should be exercised in applying 
combination monopulse for low-angle tracking. 

A very good reference giving interference 
region field strengths for isotopic antennas is 
reference 78. 
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Figure 6-84. Interference Errors in a Combination Monopulse Having Amplitude Comparison in Elevation 


DIFFRACTION AND ATTENUATION 


Two effects cause a loss in radar signal 
strength relative to the free space propagation 
usually assumed in the radar equation. In a 
tracking radar, loss of signal causes larger er- 
rors due to thermal or other types of noise. A 


discussion of these two sources of signal loss, 
diffraction and atmospheric attenuation is given 
below. Both are subjects of complexity. It is the 
intent to give an indication of the regions where 
the effects are significant and their order of 
magnitude with references for more complete 
evaluation of the effect. 
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Two types of diffraction are of interest to the 
radar engineer —=so called straight-edge dif- 
fraction and diffraction around the spherical 
earth. Both effects are demonstrated by the field 
strength profiles of Figure 6-85. Physically, dif- 
fraction can most easily be understood in terms 
of Huygen’s principle of wave propagation 
which states that each point on a wave front is 
the source for a wavelet radiating isotropically. 
The effect of all points on the wave therefore 
determines successive wave fronts and field 
strengths. 


Because of the interaction of diffraction and 
reflection effects over a smooth earth, the calcu- 
lation of field strength very near the horizon 
becomes impractical. Thus the fields in this re- 
gion, called the intermediate region, are com- 
monly interpolated from calculated values for 
the regions where one cause or the other pre- 
dominates. 


The only result of diffraction by the smooth 
earth that is significant is the loss of signal 
relative to free-space propagation. At the higher 
radar frequencies this effect extends only a few 
mils above the horizon. At lower frequencies, 
however, signal loss due to diffraction occurs at 
higher elevation angles (up to about a degree 
at 500 megacycles). This is illustrated by Fig- 
ure 6-86. Unfortunately, propagation curves 
from which Figure 6-86 was adopted do not 
cover the centimeter wavelengths, so the dotted 
portion is extrapolation. Actual calculation of 
the field strength in the regions of diffraction 
is complex. The method is presented in reference 
63. 


The spherical diffraction, because it occurs 
only over a very small region of space and 
causes only loss of signal strength, is of less 
concern to the tracking radar engineer than 
straight-edge diffraction. This is usually calcu- 
lated on a mathematical model consisting of a 
spherical wave passing a semi-infinite plane. 
The “shadow” of the edge of this plane has no 
sharp boundary, but a diffraction pattern as 
shown in Figures 6-85 and 6-87. As abstract as 
this knife-edge model may seem, diffraction 
fringes closely related to those predicted by this 
simple theory are observed in practice. Refer- 
ence 79 shows empirical signal versus height 
curves for Leand S-band systems that exhibit 


very clear diffraction patterns, although there 
is no sharp ridge in the adjacent terrain. 


Figure 6-87 shows the angular errors that 
may arise from straight-edge diffraction. This 
error is the actual deviation of the normal] to 
the wave front from a direction radial to the 
target. In addition, the motion of the target 
through the diffraction fringes will cause fading 
and wander effects. 


The curves shown are arbitrary examples. 
For other cases the effects may be more pro- 
nounced. Therefore, some thought should be 
given to diffraction in very low elevation angle 
applications. The siting of the radar will have 
a large bearing on the severity of the effect. A 
protecting ridge may have the advantage of 
reducing interference due to reflection and re- 
ducing the maximum range at which ground 
clutter is observed, but it may offset this by 
producing very great loss of signal and some 
angular deviation of the wave front. The cal- 
culations of knife-edge diffraction, which are 
straightforward, are outlined in reference 80 
or in most optics textbooks. 


Probably a more serious source of signal loss 
than diffraction is the attenuation of microwave 
energy in passing through the earth’s atmos- 
phere. This loss of signal stems from two physi- 
cal causes. In another section we discussed rain 
clutter. Obviously the energy in this clutter 
return was taken from the transmitted power. 
This is one cause of atmospheric attenuation — 
scattering. This is most important with the: 
shorter wavelength propagating through clouds 
or precipitation. The other cause of attenuation 
is absorption, or conversion of the microwave 
energy to heat by the molecules of oxygen and 
water vapor in the atmosphere. Figure 6-88 
shows the attenuation versus frequency due to 
these causes. The atmospheric conditions as- 
sumed in this picture are, according to the 
source,®! relatively dry. However, reference 63, 
speaking of the same water vapor concentra- 
tion, states that it is typical for temperate zones. 


In the presence of rain or fog the tropospheric 
attenuation is greatly increased. The calculation 
of these attenuations is made in reference 63. 
Figure 6-89 is taken from this source. Note that 
these curves are calculated for a temperature 
of 18°C (65°F). For temperature as low as 0°C 
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Figure 6-87. Elevation Errors Due to Knife-Edge Diffraction (From Reference 16) 
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Figure 6-88. Atmospheric Attenuation at Sea Level (Assuming One Percent Water Vapor Content) 
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ATTENUATION, 0B /KM 


WAVELENGTH, CM 


Figure 6-89. Attenuation 


and as high as 40°C the attenuation may vary 
by a factor of two, being higher at lower tem- 
peratures and lower at the higher temperatures. 


still another source of attenuation in a track- 
ing radar may be the ionosphere. Because this 
region occurs at altitudes of 50 or more miles, 
it will be applicable only to missile or satellite 
trackers. The attenuation is also very slight. 
Figure 6-90 shows typical one-way attenuations 
of radio energy in passing through the daytime 
ionosphere. Night time attenuations are only 
about a tenth of those shown. 


REFRACTION 

In recent years, the bending of the radar 
beam by the atmosphere has become a principal 
source of error in tracking radars. This is pri- 
marily due to the advancing state-of-the-art 
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(a) ORIZZLE 

(b) LIGHT RAIN 

(c) MODERATE RAIN 

(d) HEAVY RAIN 

(e) FOG, VISIBILITY 2ZOOOFT 
(f) FOG, VISIBILITY 400 FT 
(g) FOG, VISIBILITY IOOFT 


by Rain and Fog (at 18°C) 


which is reducing errors from other causes. The 
requirement for more refined long range track- 
ers has made this problem the subject of con- 
siderable study and fairly good methods exist 
for calculating and correcting refraction errors 
if sufficient meteorological data are available. 

Refraction occurs in both the lower atmos- 
phere, or troposphere and the ionosphere. How- 
ever, the causes of the two refractions are quite 
different. 


The causes of tropospheric refraction are to’ 


be found in the composition of the atmosphere. 
The index of refraction of air, 7, can be ex- 
pressed in terms of temperature, T, (°K), pres- 
sure p (millibars) and partial water vapor pres- 
sure, e (millibars) as: 


719 4800 e 
n — 1) 10-@ = — 
( ) 7 (p+ 7 





(6-152) 
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Figure 6-90. Attenuation by the lonosphere 


The refractivity is essentially independent of 
frequency in the frequency range from 100 to 
30,000 megacycles. The difficulty in predicting 
refraction stems from the extreme variability 
of these quantities in the lower atmosphere. 
Quite often the atmosphere is stratified with 
cold layers and hot layers causing so-called 
inversions. 

lonospheric refraction is of growing interest 
for missile and satellite tracking. Index of 
refraction of dielectrics is usually greater than 
one. This is the case with the troposphere. The 
index gradually reduces with altitude to the 
free-space value of unity. However, at higher 
altitudes the ionized plasma of the ionosphere 
causes an index of refraction less than unity. 
Radio waves are therefore refracted. This 
refraction, unlike that of the troposphere, is 


very frequency sensitive. It is, in fact, total 
refraction by the ionosphere, sometimes called 
reflection, that makes possible sky-wave radio 
communications. At radar frequencies the re- 
fraction is small, but may be appreciable. It 
should be noted that to a large extent this 
refraction compensates itself. That is, the rays 
are bent in passing through, but come out of 
the ionosphere almost parallel to their path 
upon entering it. This is similar to the familiar 
passage of light through a window pane. In fact 
the only reason the beam is not exactly 
parallel to itself leaving the ionosphere is the 
curvature of the ionosphere. At low angles, the 
side-ways displacement of the beam may cause 
appreciable angular error (parallax) at the 
radar if not accounted for, especially if the 
target is at moderate height. This may be a 
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larger source of error than the angular devi- 
ation. These effects are shown in Figure 6-91. 
Reference 82 calculates ionospheric refraction 
for a number of cases. At 400 megacycles the 
maximum error is of the order of a half mil. 
It decreases rapidly with frequency and in- 
creased elevation angle. 


In most applications, the tropospheric refrac- 
tion is most significant. A number of models 
have been developed to represent the index of 
refraction variation with altitude. At higher 
altitudes theoretical deductions, backed by ex- 
periment, suggest an index which decays ex- 
ponentially from its surface value to its free 
space value of one with a height constant of 
25,000 feet. Algebraically this is: 


Z 
(n—1)10-°=N=N,e *° (6-153) 


This model seems generally valid from altitudes 


of about 30,000 feet up®? and a good average 
atmosphere at lower altitudes. 


In particular, note that for low altitudes this 
model is well approximated by a linear variation 
of index with a slope given by: 


aN _ dn, N, 








= —6 — __ 6-154 
dZ dz 25,000 C 
From which: 
dn N 
—— 10-8 6-155 
dZ 250 im ( 


If the index of refraction is known by any 
means, it is possible to calculate the path of a 
ray from optics. Snell’s law of refraction for 
a sperically stratified medium is written as: 


(6-156) 


where a is the angle the rays make with the 
horizontal and a the actual earth radius (see 
Figure 6-92). This can be put in the form: 


N,a2CcOS a, —n(a-+ Z) cosa 


No _ ( =) COS a COS a ZZ 
n a/ cosa, ~ cosa, a 
(6-157) 


If we now note, since 7 is very close to unity, 
that: 


aml tn —n (6-158) 


IONOSPHERE a 


7 


Qr 


Figure 6-91. Refraction by the lonosphere 
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Figure 6-92. Calculation of Refraction Assuming Linear Index of Refraction 


and that cos a can be approximated as (since 
(a —a,) is very small): 


cos la. + (a— a.) = cos a, — (a — a,) sina, 
(6-159) 
Then equation 6-157 can be written as: 


itn ie ee) tao 
a 





(6-160) 
which can be put in the form: 
Z n—n 1 
——_* + —] =a—dg, 6-161 
tan a, ( Z t a = : 


The angle a, is now assumed to be small, so 
then tan a, ~ a, and the range is small com- 
pared to a, so that the ground range (S) is given 
by: 





s__4 (6-162) 
tan a, 
Then equation 6-161 becomes: 
dZ n—n 1 
= ——=a,+ S [_——— — 6-163 
Page rene ( Zz i om 


If a linear variation in index is assumed, then 
the term involving the index is constant and the 
equation may be integrated directly, with the 
result : 


1 /dn 1 
Z—a,8S + —({(— — |S 
eae (a - oe 
This equation is the basis for the equivalent 
earth radius, a’, which is given by: 


1 dn 1 
= — — 6-165 
a’ dZ ” a ( ) 


(6-164) 


When using approximations involved in the 
derivation, the tangent of the angle is taken 
equal to the angle and ranges are assumed much 
less than earth’s radius. Neither of these is 
really a limitation on the result, however. The 
most basic assumption, a linear variation of 
index with altitude, is valid at best only to a 
few thousand feet. 

The concept of an equivalent earth radius 
to account for refraction effects, although con- 
venient, is limited in usefulness. Nothing has 
been said of the value of the equivalent earth 
radius. However, this is a very important 
point. Table 6-9 lists the parameters of several 
so-called standard atmospheres. Note that the 
4/3 figure commonly used is only a special case. 
Also note that equations 6-152, 6-155 and 6-165 
enable the calculation of an equivalent earth 
radius for any known surface meteorological 
conditions. 


The well-behaved index of refraction (i.e., 
one that is linear or exponential with altitude) 
is unfortunately of rare occurrence. In the 
absence of complete meteorological data it is 
the best model we can postulate. However, the 
index may vary in a number of ways, corre- 
sponding to various meteorological phenomena. 
From equation 6-164 or Figure 6-93 the curva- 
ture of the ray in a linear index environment 
is given by dn/dZ. 

A logical extension of the analysis given for 
linear index profile is to approximate the 
atmosphere by successive layers, each having 
a linear index, but of different gradient. The 
general trend of any atmosphere will be for 
the index to decrease, but due to temperature 
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TABLE 6-9. PARAMETERS OF “STANDARD” ATMOSPHERES*? 


Rate of Change 
of Index of Refraction 
with Altitude 


() 


Type 


Atmosphere 














~0.8 x 10. 





Optical 





-1,.2 x 10. 





Standard 






8 


Tropical -1.8x 10 











8 





Tropical Dry -2.4x 10. 


altitudes of 4000 feet. 


inversions or high evaporation over large bodies 
of water the index may decrease nonuniformly 
over certain altitude regions. This then reverses 
the sign of the curvature of the ray giving rise 
in extreme uses to trapping or ducting effects. 

Atmospheric conditions that give rise to 
ducting are shown in Figure 6-93. Note that 
the refractive modulus is shown: 


M= (n if +=) 10° (6-166) 
a 
Note also that: 
aM _ = +=) 108 — 1% (6-167) 
dZ dZ a a’ 


Where a’ is the equivalent earth radius as 
previously defined. That is, dM/dZ is the curva- 
ture of the ray with respect to the ground 
surface. When dM/dZ is negative, the rays are 
bent back toward the ground with curvature 
-more than that of the earth, so that refraction 
smay be total for certain ray paths. Therefore 
these regions of negative dM/dZ are ducts. 
These ducts are normally fairly narrow, so 
only energy incident at very small angles is 
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a 21/1 +a 
a 





*Ducting may be common for all models. Accuracy of all models decreases above 


Equivalent 
Earth 
Radius Ratio 


Where Applicable: 
dn 
Z 





Only for visible light. 








Radio refraction in 
temperature zones 
under ideal conditions. 
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Radio refraction in 
tropic zones under 
ideal conditions. * 


















Radio refraction in 
desert or semiaridtropic 
area under ideal condition:) 



















actually trapped. However, errors in elevation 


angle at higher incidence angles may be 


appreciable. 


As hinted above, the path of a ray can be 
calculated by approximating the index profile 
as a sequence of straight lines and evaluating 
each region separately. From Figure 6-92 note 
that the error in a region h high will be 


given by: 





1 /dn 
Az, = —(— S;2 6-168 
i “eras nee 
but a, S,; ~ h, therefore: 
h,? (dn 
Ae (>) 6-169 
es 2 a," dZ 1 ( 


There is also an angular deviation in the 
direction of the ray at the end of the first 
region. Since the region has a linear index, the 
ray path is a circular arc of radius: 


1 


i= a 


(=) (6-170) 
dZ/\ 


“an. 
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Figure 6-93. Common Variations of Refraction with Altitude for Low Altitudes 
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The angular deviation is therefore: 


1 


Aa, = (6-171) 

Py 1 
This angular deviation will contribute to the 
total error a linear distance: 


dn 
S.= cen 
pai = maa ( i 


The contribution of successive regions is simi- 
larly evaluated. The total error can be put in the 
form: 


N 
= & (6-172) 


1 i=2 | 


e= 35 (oe), (2+ (a), 2.5 
(6-173) 


The angular error at the radar is then 2/R. 
Again replacing S,, this can be written as: 


at LS h(aey Lh $ 


E=—=— 
R Rj. a, \dZ 2 a; 


i=j+1 Q 
(6-174) 
. Nh; : 
Noting that approximately R = > —; equation 
1 Q 
6-174 can be written in the equivalent form: 


12 h; dn 1h; j—t mt 

5 ee ee a Ps a a 
E=_ oe), 2 Qj = Qi 
(6-175) 


The a, in this equation are the angles that the 
ray makes with the i layer and may vary 
appreciably. However, since the curvature with 
respect to the earth is given by the equivalent 
earth radius and the stratification is assumed 
to be spherical, then: 


jaa hat (6-176) 
a+ dh, 
1 
“1 
nw BS) 3 
a+ Bhi 


This recurrence formula can be used to calculate 
the incidence angles a, since the starting angle 
a, will be known. 


The application of equations 6-174, 6-175 and 
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6-176 is best illustrated by a simple ex amp! 
Suppose the problem is to find the error | 
elevation angle if the measured elevation ang 
is five degrees and the index profile is as show 
in Figure 6-94. The approximate target Nheigt 
H, is first found from the law of Cosimes. |] 
the range is measured to be 125,000 feet the 
(the earth’s radius is 2.08 x 107 feet): 


H,=—\/a°?+ Rk&?4+2aR sina,—a= 11,620 fee 

This is used to find the height of the last 
altitude increment. Calculation of the elevation 
angle error is performed in Table 6-10. 


This method of calculating refraction errors 
is a straightforward extension of the concept 
of an equivalent earth radius. One advantage 
of the method is that it calculates the error 
directly, lending itself to calculations with 
slide rule or desk calculator. A more rigorous 
method of calculating refraction with a piece- 
wise linear approximation is given in refer- 
ence 84. However, this method arrives at the 
error only by subtraction of large calculated 
quantities which necessitates machine calcula- 
tion. It is also a great deal more tedious. Stil] 
another method, used in reference 82, to.cal- 
culate this refraction, is a step-wise approxim- 
ation to the index profile. This method will 
generally require very short increments of 
height to produce accurate information. 


The present method, like the others, has 
limitations in its application. The height incre- 
ment must be taken small enough to justify 
the approximation of linear variation of index 
and small enough that the path length of the 
rays in any incremental shell are small com- 
pared to the radius of that shell. Since the 
derivation assumed smal] angles (tan « = «) 
the accuracy of the method will decrease with 
elevation angle. However, at elevation angles 
below 30 degrees this probably will be negligible 
in comparison with the uncertainty of meteoro- 
logical data. At higher angles, because of less 
refraction, the method will decrease in absolute 
accuracy (mils of error) slowly. 


This method may also be used with an 
atmospheric model consisting of concentric 
spherical shells which are inclined to the local 
horizontal by calculating angles with respect 
to this tilted frame of reference. 
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=> -<3.8 Combining Errors 


4x number of error sources have been dis- 
tssed. They stem from a variety of effects. 
owever, the principal interest in them in a 
liven application is a utilitarian one. The com- 
timed effect on the radar performance is the 
md result in which we are interested. 


Fortunately, the errors do not accumulate 
m an arithmetic sense. Most of the errors are 
‘andom errors defined in terms of their rms 
value, or standard deviation. This is true of 
all the errors of a noise-like nature. This in- 
cludes thermal noise, ground and rain clutter, 
servo noise or tracking roughness, aircraft 
scintillation, (both fading and wander) and 
external noise sources whether cosmic, man- 
made or what-ever. All of these random errors 
add in an rms fashion. For example, if the 
error due to servo noise is ¢,, the error due to 
wander is ¢«,, and the error due to thermal 
noise is ex, al] are computed for the same values 
of system parameters and they are the only 

appreciable error sources, the total error is: 


tr — Ves? + &y" + Ex” (6-177) 
This type addition may be facilitated by Fig- 
ure 6-95. 

A number of other errors in the mechanical 

parts of the radar may also have a random 
nature, but may not be time variant like noise 
so that in given radar they constitute a bias 
error. Usually this bias will be calibrated out, 
but in field use it may well creep back. In 
addition there are certain errors that are bias- 
ing by nature. The lag, or dynamic errors of 
the servo are notable examples. Propagation 
errors may well produce biasing errors unless 
corrected. This is particularly true of refraction 
errors. Correction on the basis of an equivalent 
earth radius will help to remove some of the 
bias so that the error is not only decreased but 
is made more random. Other propagation errors, 
due to interference or diffraction, will be more 
nearly random because they depend on target 
position which is itself a random variable. 


In the usual practice, all errors are added 
inanrms sense, even when they are not random. 
This enables the total error expected to be 
presented in simple fashion and gives a good 
estimate of the expected error. Often, such esti- 
mates are not warranted. For example, a radar 


being used with a beam rider missile depends 
only on relative accuracy and the biasing errors 
are of little consequence. 


The errors that have been discussed vary 
with many parameters, the most common of 
which is range. For a number of purposes 
the variation of radar error with range, a sort 
of accuracy profile, is desired. 


For many cases this characteristic can be 
very quickly derived graphically. The basis for 
this is the range dependence of the various 
errors. They are, for most errors, proportional 
to an integral power of range. If such a relation- 
ship is drawn on paper having logarithmic 
scales in both variables, it plots as a straight 
line with slope equal to the applicable power 
of range. For example, wander errors are 
inversely proportional to range. Therefore a 
plot, on logarithmic paper, of the wander error 
alone is a line with a slope of minus one. This 
is shown on Figure 6-96 along with other errors. 
If the wander error is calculated for a single 
range it can be immediately plotted by drawing 
the line through the calculated point. 


Similarly the error due to thermal and 
external noise sources will increase as the 
square of the range (for a skin tracking radar) 
due to the attenuation of the signal (assuming 
free-space propagation). This is also shown 
on the plot of Figure 6-96, as are servo noise 
and mount errors which are independent of 
range and the fading error that might occur 
in a conical scan radar, which is also inde- 
pendent of range. In combining these errors 
a useful property of this type presentation 
becomes apparent. The errors are asymptotic 
to these straight lines. Due to the rms addition 
the error is determined principally by one 
error, except where these straight lines cross. 
At these points the errors due to two effects 
are equal, so the total error is \/2 times the 
error due to either. From this fact, or by 
actually adding components in an rms fashion, 
the total error is found as shown. 

One situation that will require a little differ- 
ent treatment arises when two error sources 
have the same range dependence. However, this 
is easily treated by summing these two effects 
in an rms fashion for any given range. Their 
sums must of course still have the same range 
dependence. This is shown on Figure 6-97. 
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Figure 6-95. Aid to RMS Addition 
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Figure 6-96. Combining Errors — Example | 


Servo lag, assuming a certain target velocity 
and low elevation angles, will have the same 
range dependence as wander. Summing the two 
in an rms fashion yields the straight line 
marked combination in Figure 6-97. This is 
then combined with the other errors as before. 

Table 6-11 shows the range dependence of 
the more common errors. An effect which is 
not taken into account is loss of signal due 
to attenuation by air or rain. This will cause 
the noise error characteristics to be other than 
the straight lines seen above. When these effects 


are appreciable the noise error will have to be 
calculated as a function of range or a correction 
that is a function of range must be made. The 
logarithmic calculation using the charts of para- 
graph 6-54 greatly facilitate this. 


6-5.4 SAMPLE CALCULATIONS AND CHARTS 


6-5.4.1 Parameters of the Calculations 


In the calculation of radar performance in 
the presence of noise the following quantities 
are significant. 
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TABLE 6-11. RANGE DEPENDENCE OF TRACKING ERRORS 













Slope of Log 
Error versus Log 
Range Curve 






Proportional 
to: 









Comments 






Therma! or other noise 
sources Skin Tracking 





Neglecting attenuation by 
air or rain 




















Thermal or other noise 


Because of one-way trans- 
sources Beacon Tracking 


mission. Neglecting 
attenuation, 





Rain clutter 








Because the clutter cell in- 
creases in volume as the 
square of the range. Only 
applicable for range at which 
rain is present. 










Ground clutter 


Fading 


Servo noise, mount 
errors, data take-off 
misalignment, etc. 


Servo dynamic errors 
Refraction 1 


Ground reflection and 
diffraction 







Only applicable at ranges 
within the horizon where 
clutter is present. 











Dependent only on target 
characteristics and only 


occurs for sequential lobing 
radars. 






At very short ranges the 
spectrum may be affected 

causing some deviation from 
this dependence. 













Essentially fixed errors, 
although tracking roughness 
may be increased at longer 
ranges due to slow angular 

rates. 


Assuming fixed target speed 
and aspect. 


Only good to first approxi- 
mation. Generally, a more 
complex relationship. 













Very dependent on specific 
geometry of radar and target 


positions, not specifically 
on range. 
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The half-power beamwidth, 9, of a tracking 
radar is a more nebulous thing than that of a 
search radar. A quantity often used in calcula- 
tion is a nominal beamwidth, based on the use 
of the given aperture with a single feed and 
a cosine illumination. This is shown in Figure 
6-98 in terms of wavelengths of aperture (found 
from Figure 6-99). The advantage of this half- 
power beamwidth is only that the radar sensi- 
tivity often can be calculated easily in terms 
of it. In practice the quantity measured is the 
half-power beamwidth of a sum pattern. This 
is true of both monopulse and sequential lobers. 
Either beamwidth can be used for error 
calculations. 


The angular sensitivity, Ks, of the radar 
depends on the beamshape of the radar and the 
type of lobe comparison used to obtain tracking 
information. It is often expressed in volts per 
volt per beamwidth. Care should be exercised 
in noting whether this denotes sum beamwidth 
or the nominal beamwidth discussed above. 
Sometimes sensitivity may be expressed in volts 
or millivolts per degree or radian. In this case 
what is expressed is Ks/0, and must be treated 
so in the calculations. Figure 6-100 gives sensi- 
tivity of an interferometer-type tracker. Table 
6-4 lists sensitivities of some of the more com- 
mon tracking configurations. 


Filter factor, K,, of a tracking radar reduces 
the errors due to noise by smoothing the radar 
output. It is less for conical scan radars than 
for comparable monopulse trackers. Figure 
6-101 gives this factor. 


The transmitted power of the radar, P,, or 
of a beacon, P,, determines the signal available 
at the receiver to be discerned above the noise. 
Figure 6-102 gives this power in decibels. If 
radiated isotropically through free space the 
power density decreases as the square of the 
distance R. For echo-tracking radars, due to 
the round trip, the received power varies in- 
versely as the fourth power of R. These factors 
are shown in decibels in Figure 6-103. 


The gain of the antenna, G,, for the radar 
or, G,, for a beacon, directs the transmitted 
power. Like the beamwidth it is less well- 
defined in the case of a tracking radar. The 
gain measured in practice is the sum gain. An 
often used yardstick of performance is a 
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nominal gain based on the use of the give 
aperture with a single feed and cosine illumin: 
tion. This is shown in Figure 6-104. This) mu: 
be corrected by an amount depending on th 
type tracker used. Typical corrections are liste 
in Table 6-4. 


The wavelength of a radar, ij, deter-rmines 
with the gain of the device, the receiving are: 
of the antenna, given by: 


G, A= 
An 


The echo area of a target A, is usually known 
empirically. It is extremely complex to calculate 
for any but the simplest targets. It is usuallv 
given only as a statistical quantity (that area 
which is exceeded 50 percent of the time). This 
is necessary because the signal return from 
usual targets varies rapidly and randomly. Fig- 
ure 6-69 shows this area for a number of typical 
targets. 


In propagating through the atmosphere and 
in traversing some of its r-f waveguide and 
associated devices, notably duplexers, the micro- 
wave signal suffers an attenuation or loss, L. 
This is determined from knowledge of the 
atmospheric attenuation which may be very 
high in the presence of rain or fog (see Figures 
6-88 and 6-89) and knowledge or an estimate 
of the circuitry losses. 


A= (6-178) 


In any receiver, thermal noise exists which 
cannot be eliminated without cooling the re- 
ceiver. Because this noise is white, i.e., evenly 
distributed over all frequencies of interest, the 
amount of noise power in the receiver is pro- 
portional to, for the commonly used super- 
heterodyne receivers, the intermediate fre- 
quency bandwidth, B. For a nominal value of 
temperature this theoretical thermal noise is 
given by Figure 6-105. 


Since no receiver is ideal, the quality of the 
receiver is expressed in terms of noise figure, 
N,, the ratio of actual receiver noise to the 
ideal thermal noise. This parameter is subject 
to change as the state-of-the-art progresses. 
Some typical values are shown in Figure 6-106 
for the common types of microwave receivers. 
New techniques may cause marked improve- 
ments. Note that in the case of crystal mixers 
brackets are shown to indicate that the noise 
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Figure 6-98. Nominal Beamwidth Versus Aperture 
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Figure 6-99. Conversion of Aperture Width to Wavelengths 


In tracking beacons that use a crystal 
receiver converting directly from r-f to video, 


the performance of the receiver 1 


figure may vary considerably with the skill of 


the circuit designer and betw 


individual 


een 


S usually speci- 


crvstal diodes. A spread of values achieved with 
triode r-f amplifiers will also be found in 


S. This is a 


ys 


fied in terms of a sensitivit 


measure of the smallest signal discernible from 
noise. This quantity is analogous to the product 


practice. The figure shows the best noise figure 


that can be achieved. 
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Figure 6-100. Interferometer Sensitivity 


of noise figure and 1-f bandwidth factor used 
to gauge the performance of the superhetero- 
dyne receiver. Figure 6-107 shows typical 
sensitivities for specific crystals. As in the 
chart for noise figures, a range of values is 
shown that is indicative of the range of values 
obtained in practice. The sensitivity shown is 
tangential sensitivity defined by that signal 
which raises the noise envelope, as seen on an 


oscilloscope, by a value equal to its peak-to-peak 
amplitude. This corresponds to a signal-to-noise 
ratio (rms) of approximately 4 db. The sensi- 
tivities are given in db above a milliwatt. 

Finally the angular error, e, is usually com- 
puted for separate axes, such as azimuth and 
elevation separately and is usually expressed 
in rms mils. Figure 6-108 shows the conversion 
from mils to decibels. 
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Figure 6-106. Typical Receiver Noise Figures 
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BEAMWIOTH OR RMS NOISE -MILS OR DEGREES 


Figure 6-108. Beamwidth or Angular Noise 
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— > .4.2 Thermal Noise — Echo Tracking 

Im accordance with the usual radar equation, 
‘Or | skin tracking, the voltage signal-to-noise 
rm «tthe front end of the radar is given by: 


—) =—_ 6-179 
( = (4x)? R*N, KTB arse 


In a tracking radar the servo driving the 
amtenna acts as a low pass filter, decreasing 
the noise by a factor:* 


K,—= fy 
f ) rom (6-180) 


This thermal noise level manifests itself as 
an angular noise. The two quantities are related 
by an equation of the form: 


S 0 
“N —_— eK,K, (6-181 ) 
where 
© = antenna beamwidth 
€ = angular thermal noise error 


K, = servo filter factor 
K, = angular sensitivity 


Combining equations 6-179 and 6-181 we can 
write for the tracking error due to noise: 


ea 2] / (42)? RAN, KTB (6-182) 
K, K, P, G22 A. L 


Each of the significant quantities in this equa- 
tion can be stated logarithmically in terms of 
its ratio to some arbitrary unit. This is the 
basis for the charts given in this section. In 
most cases, the quantities are expressed directly 
in decibels when they are taken in MKS units. 
The constant (4x)® is contained in the decibel 
expressions for wavelength factor (Figure 
6-109) and target echo area, respectively. 





Note that the logarithmic quantities contain 
the proper power of the variable, so that they are 
summed directly with the exception of antenna 
gain. This is given in terms of one-way gain 
which is used in the beacon calculations de- 
scribed below. 


*For a conical scan radar this factor is V fr/2n fey 


because the angular information is on a carrier, the 
scanning frequency. 


Also note that Table 6-4 lists corrections to be 
made to the nominal gain of Figure 6-104 if this 
figure is used. A correction to the filter factor 
is indicated for conical scan and a detection 
factor is indicated on the chart of typical noise 
figures. 


6-5.4.3 Beacon Operation 

Beacon operation is equivalent to two one-way 
transmissions. Separate calculations must be 
made for each. For a crystal beacon receiver 
performance is usually specified in a sensitivity 
figure S. In order to trigger the beacon the sig- 
nal must equal or exceed this sensitivity: 


2 P,G,G,i? L 
(4x)? R? 
For superheterodyne beacons, performance 


depends on the noise figure of the beacon similar 
to the radar receiver: 


(S.)" oP, Gs Gn 2 L 
N/ (4x)? R? N, (KTB) 


(6-183) 


(6-184) 


The angular accuracy of the system depends 
upon the return link. The signal-to-noise in the 
front end of the radar will be: 


( S ) — P,GGeL 


a (6-185) 
N (4x)? R?N, KTB 


The other considerations (filter factor, sensi- 
tivity) are the same as for skin tracking radar. 
The expression for angular error is in this case: 


K,;Ks¥ P,G,G,#@L 


All of the above expressions can be readily 
calculated by addition using the logarithmic 
charts given in Figures 6-69, 6-98 — 6-109. The 
radar sensitivity, Ks, if not known in a given 
application, may be estimated from Table 6-4. 


The logarithmic charts give values corre- 
sponding to the proper power of the variable. 
These values may be added directly. Examples 
are given below. 
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6-5.4.4 Examples 
EXAMPLE | 


Find the azimuth thermal noise error in a phase monopulse radar having the following char—- 
acteristics and skin tracking an aircraft of the F-80 type at a range of 30 miles. 


Radar frequency 10,000 mc 

I-f bandwidth 200 ke 

Peak power 25 kw 

Azimuth servo bandwidth 3.0 cps 

Pulse repetition rate 800 cps 

Antenna gain 40 db 

Azimuth sensitivity 1:57 v/v/bw (Sum beamwidth) 
Azimuth sum pattern beamwidth 1.5 degrees 


The calculation is listed below, the data having been taken from the charts with minor exceptions. 
Since the sensitivity is known, it is converted directly to db. R-f losses are computed on the basis of 
a clear atmospheric attenuation of 0.0125 db per kilometer (found from Figure 6-89) and an as- 
sumed loss in r-f plumbing of one db. Since azimuth and elevation errors are detected separately, 
each contains only one component of noise so that a detection factor of 3 db is subtracted from the 
noise figure which is choosing an optimistic value (about 9 db) from Figure 6-106. 


EXAMPLE 1. CALCULATION OF ERROR — MONOPULSE-ECHO TRACKING 


Beamwidth — 28.0 db 
Sensitivity + 3.9db 
Filter factor + 19.3 
Power + 44.0 
Gain | + 80.0 
Wavelength factor — 52.4 
Target echo area — 18.0 
R-f losses (0.6 db atmospheric + 1.0 db waveguide loss) — 1.6 
Range —187.0 
Noise factor (9 db less 3 db detection factor) — 6.0 
I-f bandwidth +151.0 
4298.2 db 298.0 db 
= +5.2 db 


Therefore angular error in azimuth = 0.54 mil 
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EXAMPLE II 


Fimdé thermal noise error for the following conical scan radar when skin tracking aircraft of the 
*-SG type at a range of 15 miles. 


Radar frequency 


3000 mc 
[-£f bandwidth 500 ke 
Peak power 100 kw 
Antenna — circular parabolic dish in diameter 64 inches 
Feed squinted one beamwidth 
Servo bandwidth 2.5 cps 
Pulse repetition rate 1000 cps 


This calculation is performed in much the same manner as the previous one, with the exception that 
the antenna characteristics are found from Table 6-4 for an echo tracking conical scan radar of 
maximum sensitivity. Also, the filter factor is less by three db due to the conical scanning. 


The atmospheric loss is again calculated by recourse to Figure 6-88. (0.01 db per kilometer times 
(15 x 1.609) kilometers ~ 0.2 db). 


A low value of noise figure is chosen from Figure 6-106 and corrected for 3 db improvements 
by detection. From the final result it can be seen that for systems symmetrical in azimuth and ele- 
vation, this correction can be neglected if the end result desired is the total rms angular noise. 


EXAMPLE Il. CALCULATION OF ERROR — CONICAL SCAN-ECHO TRACKING 
Beamwidth (nominal, for 64” dish = 4.3°) 


— 37.2 db 
Sensitivity (per nominal beamwidth) + 9.2db 
Filter factor (21.0 db, less 3 db due to conical scan) + 18.0 
Power + 50.0 
Gain (32.2 db less 3 db) + 58.4 
Wavelength factor — 42.0 
Target echo area — 15.0 
R-f losses (0.2 atmospheric + 1.0 plumbing) a= 412 
Range —175.0 
Noise factor (at —6 +3) — 3.0 
I-f bandwidth +147.0 
+282.6 db —273.4 db 
=-+9.2 db 


Therefore angular error in azimuth — 0.33 mil 


The total rms angular error, since the elevation channel of a conical scan radar is identical to 
the azimuth, is 3 db higher, or 0.47 degree. 


EXAMPLE II! 


Find the range to which a crystal beacon of 45 dbm sensitivity will be triggered by the radar of 
Example I. Find the angular error at 30 miles due to thermal noise if the beacon has a transmitted 
power of 40 watts and due to shielding by the airframe, has an antenna gain of —6 db. 
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EXAMPLE Ill. CALCULATION OF ERROR — MONOPULSE-BEACON TRACKING 


A. For the Beacon Performance: 


Power + 44.0 db 

Radar gain (one-way) + 40.0 

Beacon gain 

Wavelength factor 

Loss (0.7 atmospheric +1.0 waveguide on same basis as in 

Example I) * 

Beacon sensitivity (dbw = dbm + 30) + 75.0 
4159.0 db 
— +98.9 db 


From the beacon curve of Figure 6-103, range = 55 miles 


B. At 30 miles: 


Beamwidth 

Sensitivity + 3.9 db 
Filter factor + 19.3 
Beacon power + 16.0 


Beacon gain 

Radar gain + 40.0 
Wavelength factor 

Loss (same as before) 

Range (for beacon) 

Noise factor (as before) 

Bandwidth +151.0 


+230.2 db 


— 442.7 db 





— 6.0 c 
— 52.4 


— 60.1 d 


— 28.0 dl 


— 52.4 


— 93.5 


—187.5 db 


*Note that the calculation of atmospheric attenuation requires knowledge of the range, so that the actual solutio 
above is carried out by a process of iteration. This is very abbreviated due to the relative unimportance of th 


attenuation. 


Therefore the thermal noise error is seen from Figure 6-108 to be less than 0.01 mil rms. Not 
that the value, although not given on the figure, can be extrapolated by noting that for 22.7 di 
it would be 0.074 mil; therefore, for this case the answer is 0.0074 mil which is too small to b 


significant. 
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6-5.4.5 Other Error Sources 


Since the aims of this section are broad, it has 
been necessary to narrow the focus on the prob- 
lems of more general occurence, leaving a num- 
ber of important aspects of the tracking problem 
relatively untouched. Most of the omissions con- 
tribute only small errors to the usual tracker, 
although in specific instances they may be of 
prime importance. They are for the most part of 
a practical nature, depending upon specific 

mechanical configurations and the skill of the 


designer. Some of the more important of these 
Omissions are: 


(a) Radome errors — propagation of the 
radar beam through a radome may cause bore- 
sight shifts. This can be calibrated out when the 
radome moves with the antenna. With a station- 
ary radome, errors (calculated for common 


—_—_ 
—_—— 


—_— 


radome materials in reference 85) are less than 
a quarter mil. 


(b) Alignment, leveling and _ boresighting 
errors — a number of errors and machining 
tolerances in the antenna mount combine to pro- 
duce these errors. References 65 and 86 discuss 
these errors in detail. 


(c) Sun and wind loading distortions — ther- 
mal and physical loads on the antenna structure 
may cause boresight shifts of appreciable mag- 
nitude. Reference 65 estimates the possible 
effects of sun loading on one particular system. 
These errors can be minimized by proper design 
and use of the equipment. 


(d) R-f coupling errors — unwanted coupling 
between the separate feeds of most monopulse 
systems is unavoidable. Normally this source of 
angular error is small in comparison to others. 
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CHAPTER 7 
GUIDANCE AND CONTROL 


7-1 INTRODUCTION 


7-1.1 GENERAL 


The guidance and control subsystem is essen- 
tially the nervous system of the surface-to-air 
missile. Its function is to insure that the missile 
is brought to the required proximity (usually 
10 to 100 feet) and attitude with respect to its 
target to fulfill the missile’s mission. 


It is the purpose of this chapter to provide 
concepts pertinent to the guidance and control 
design process. This includes a discussion of the 
standard schemes available for guiding the mis- 
sile and controlling its motion as well as 
methods of evaluation. 


7-1.2 RELATIONSHIP OF GUIDANCE AND 
CONTROL WITH THE WEAPON SYSTEM 


As stated in Chapter 3, the interdependencies 
which exist among subsystems, coupled with 
the lack of information, makes the design and 
development task a formidable one. Servomech- 
anism theory was mentioned as one aid avail- 
able to the systems engineer for obtaining 
proper perspective in the development problem. 
Regardless of how complex and how many fields 
of technology may be involved, the guidance and 
control system is basically a position servo- 
mechanism. That is, the target supplies a refer- 
ence input and the guidance and control system 
provides means for determining the error and 
reducing it. When viewed in this light, the gen- 
eral principles of servo design may be used as 
guides for developing the system. 


Three primary questions should be answered : 

(a) What are the “input characteristics” ? 

(bo) What are the “control characteristics of 
the fixed elements”? 

(c) What are the ‘‘desired response 
characteristics”? 

A partial answer to (a) is generally provided 

when a threat or class of threats and associated 


operational characteristics are defined. The 
answers to (b) and (e) are difficult to obtain 
because of the lack of design information 
mentioned above. To execute the philosophy of 
simple parameterized studies and obtain 
answers to (b) and (c), the guidance and con- 
trol engineer must be aware of basic results 
from several fields of technology. Then intelli- 
gent assumptions that permit reasonable appre- 
ciation of the relationship between the various 
subsystems can be made. 


7-1.3 GUIDANCE PHASES 


There may be as many as three distinct 
phases to the guidance problem — launch, mid- 
course, and terminal. The control problem in 
each phase is discussed in paragraph 7-4. 


During the launch phase, the guidance func- 
tion serves to reduce launch transients and to 
direct the missile to a point where midcourse 
guidance begins. Midcourse guidance serves to 
guide the missile during the mid-portion of the 
flight. It begins after the launch phase and 
guides the missile to the target area at which 
time the terminal phase begins. Terminal guid- 
ance is that portion of flight when all final cor- 
rections are made to direct the missile to the 
target. The terminal phase usually employs 
some type of target seeker to guide the missile. 


Figure 7-1la illustrates how the three phases 
may be broken down utilizing three distinct 
guidance schemes. In the launch phase the mis- 
sile is stabilized and gyros may be pre-set in 
conjunction with an altimeter to guide the mis- 
sile to a point in space. At this point the missile 
levels out and is guided to the target area by 
radio command. 


When the missile is within range of seeker 
lock-on, the seeker searches for the target. At 
seeker lock-on, the midcourse guidance is dis- 
continued and the terminal phase begins. Dur- 
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Figure 7-1. Missile Guidance Phases 
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img this phase, the seeker directs the missile to 
a collision with the target. 


It was previously stated that there may be as 
many as three guidance phases. It is possible 
however to have only one phase. This is illustra- 
ted in Figure 7-1b in which only the terminal 
phase is employed. Here the seeker locks on to 
the target while the missile is still on the 
launcher. After the seeker locks on, the missile 
is launched and the seeker directs the missile 
on a collision course with the target. 


The two examples given in Figure 7-1 illus- 
trate that the terminology of guidance phases 
must be qualified by specifying the guidance 
scheme or schemes employed. 


7-2 GUIDANCE MODES' 
7-2.1 GENERAL 


The guidance subsystem of a SAM system 
is often classified according to the resulting 
trajectory. 


This classification scheme is used because 
certain characteristics of the trajectory in- 
fluence the design of the guidance system. 

These characteristics are also helpful in 


evaluating various guidance systems for use in 
a given tactical situation. 


The following discussion is restricted to the 
geometry and time relations for various trajec- 
tories. It should be noted that command guid- 
ance can be utilized with any of the guidance 
modes discussed here. However, because of the 
mechanization requirements (Table 7-4), com- 
mand guidance is more compatible with the 
line-of-sight, or beam rider, mode than with the 
other guidance modes. 


When implementing homing type missiles, 
additional effects to be studied include target 
maneuvers, tracking errors, and control system- 
missile time lags as well as limited missile 
acceleration capabilities and other non- 
linearities. Although the aggregate of these 
effects presents a formidable analysis problem, 
simplified mathematical models which include 
one or two parameters have been investi- 
gated.2-15 Results of such analyses, though 
simplified, should not be disregarded as they 
often present, in non-dimensionalized form, 
results that are useful for initial feasibility 
studies or trade-off estimates. 


The applicable parameters include the trajec- 
tory, maximum turning rate, maximum lateral 
acceleration, flight time, and turning rate fre- 
quency spectrum. In general, the considerations 
are restricted to two dimensions with the 
following assumptions: 


(a) The target travels a non-maneuvering, 
straight-line course. 


(b) Both the missile speed and target speed 
are constant. 


For beam rider guidance these are modified 
to: 


(c) The control point is a stationary 
reference. 


(d) The missile is launched from the control 

point. 

In all cases except beam rider guidance, a 
two dimensional coordinate system is estab- 
lished in the plane defined by the missile and 
target velocity vectors. In beam rider guidance, 
a two-dimensional coordinate system is estab- 
lished in the plane determined by the target 
velocity vector and the line joining the point 
of control with that vector. 


If V;, is the missile velocity and bu — (Sx) 
its turning rate, then its lateral acceleration is 


obtained from 


(7-1) 





Ay = | Vu bu 


(See Table 7-1 for definition of terms.) The 
turning rate frequency spectrum is defined as 
the Fourier Transform of the turning rate, 
namely 


F(o) = [gu (t) edt; (7 =\V—1 ) 
~ (7-2) 


Usually F'(w) cannot be obtained directly from 


ou(t), and in these cases an approximation can 
be obtained by: 


(a) fitting a polynomial 
du (t) =a + bt + ct? 4+ —— — (7-3) 


to a plot of the missile turning rate or by: 


(b) making an assumption concerning bai (t) 
for t > t, where ¢, is the missile flight time, 1.e., 
t, is the total time elapsed from launching (t = 0) 
until missile-target impact. 
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TABLE 7-1. NOMENCLATURE FOR PARAGRAPH 7-2 


Subscript T refers to target 

Subscript zero means initial value 

Subscript M refers to the missile 
speed 


missile turning rate 


angle between target velocity vector and the line-of-sight 


lateral acceleration 
angular frequency 
time 

time of flight 


instantaneous range 


elevation angle from control point to missile 


constant in beam rider equations = pR 


Va 


ratio of missile speed to target speed = ve 


target altitude 


initial slope of beam rider trajectory 


final range 


angle between missile velocity vector and a horizontal reference 


@ - ous = deviation angle 


angle between heading and line of sight 


In Figure 7-2 it was assumed that 


oy (t) =Ofort <Oandt >t, (7-4) 
so that 
F(w) = f "ou (t) em! dt (7-5) 
0 


7-2.2 LINE-OF-SIGHT (BEAM RIDER) 
TRAJECTORY 


The line-of-sight course is one which a beam 
rider missile follows and is defined as a course 
on which the missile ig guided in order to 
remain on the line joining the target and point 
of control. 

Although it is assumed that the missile is 
launched from the control point, it is important 
to note that in practice a capture problem is 
always encountered. That is, the missile cannot 
be launched directly along the line-of-sight; also 
a transient period exists between launching 
and the time when the missile has been captured 
by the guidance beam and is directed along it. 

The geometry for a missile launched from the 
control point is shown in Figure 7-3. The 
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resulting trajectory differential equation, Table 


7-2, is non-linear and unsolvable in closed form 
by ordinary methods. However, if the missile 
range, r, is expanded in a Taylor Series, 





; To. (9 —— 0.)? 
T=To+ To (O — 0.) +—~— 7, 
m _ ; 
ae To (9 0,) =f ar (7-6) 
3! 
where 
dr d2r 

= ——| 0 = 6,77, = = Uo; ” 
Tr 10 r 7162 © — 8,; etc 
(7-7) 


The coefficients 7,, 7,, 7.” can be evaluated from 
the initial boundary conditions 


CS) (7-8) 


©, = arc tan m;m = initial slope of trajectory 


and the differential trajectory equation (and 
derivatives of it) yield the solution shown in 
Table 7-2. Figure 7-4 shows several line-of- 
sight trajectories for various initial launch 
angles and speed ratios. 
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Figure 7-2, Frequency Spectra for Various Beam Rider Turning Rates 
From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van Nostrand Company, Inc., Princeton, N.J. 
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Figure 7-3. Line-of-Sight Geometry 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 


The geometry for determining the beam rider 
missile turning rate is shown in Figure 7-5 
which provides the result shown in Table 7-2. 

Figure 7-6 shows several normalized plots of 
¢ for various initial launch angles and speed 
ratios. 

The amplitude frequency spectrums of Fig- 
ure 7-2 were obtained by fitting a cubic poly- 
nominal to the turning rate curves of Figure 
7-6 and obtaining the absolute value of F(«), 
F(w) , In accordance with equation 7-5. The 
ordinates represent relative amplitude and the 
abscissas represent radian frequency for the 
normalized time variable t = t/t,. 


7-2.3 PURSUIT COURSE 


A pursuit course is defined as a course in 
which the missile velocity vector ts always direc- 
ted towards the instantaneous target position. 

The geometry for a pursuit course is shown 
in Figure 7-7 for a receding target; i.e., a target 
with a velocity vector having a component along 
r (the missile-to-target range) that tends to 
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increase r. The equations of motion are obtained 
from velocity components along and normal to 
r as 


(a) 


rd =—Vrsing (b) 
which have the solution shown in Table 7-2. 


For an approaching target, both velocities 
cause a decrease in 7 so that equation 7-9 be- 
comes 


r =V;cos¢—Vy 
(7-9) 


(a) 
(b) 


whose solutions are also shown in Table 7-2. 
An explicit expression for elapsed time, which 
permits one to plot the trajectory for any par- 
ticular case, can be obtained from equation 7-9 
for a receding target and from equation 7-10 
for an approaching target. The total flight time, 
t,, ig then obtained by setting r = 0 in the 
expressions for elapsed time. Turning rate and, 
hence, lateral acceleration are easily obtained 
from the equation for normal velocity com- 
ponents, i.e., equations 7-9b or 7-10b. 

The value of ¢ at impact is shown in Table 
7-2 along with the maximum absolute value. 


r = Vrcos ¢ — Vy 
(7-10) 


rd = Vr sin ) 


7-2.4 MODIFIED PURSUIT COURSE 

When a non-zero, constant angle exists be- 
tween the missile velocity vector and the line- 
of-sight from the missile to the target, a 
constant navigation or modified pursuit course 
results. The modified pursuit geometry is shown 
in Figure 7-8 where 


oy = missile heading from horizontal 


(7-11) 
so =d¢— oy 
The equations of motion are 
r =V>;cos @ — Vx, cos § (a) 
(7-12) 


rd = Vrsingd+ Vy sind (b) 


and can be integrated directly to provide the 
solution given in Table 7-2. 
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Figure 7-4. Line-of-Sight Trajectories for Various Launch Angles 


From: Arthur S. Locke, GUIDANCE, Copyright 1956, D. Van Nostrand Company, Inc., Princeton, N.J. 
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Figure 7-5. Beam Rider Turning Rate Geometry 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 
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Figure 7-6. Normalized Curves of Turning Rates for 
Various Initial Launch Angles and Speed Ratios 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 


Note that the solution takes different forms 
for p?sin?8 < 1 and p?sin?§ = 1. For p? sin?58 > 1, 
the trajectory is a spiral which does not provide 
an interception. An explicit expression for time 
can be obtained from equation 7-12 and from 
this, the value of total flight time can be ob- 
tained, as shown in Table 7-2. The turning rate 
is obtained from equation 7-11 as 


bu = ¢ (7-13) 
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Figure 7-7. Pursuit Course Geometry 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 


Nostrand Company, Inc., Princeton, N.J. 





Figure 7-8. Modified Pursuit Course Geometry 
From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 


Since 6 is a constant and since a solution for r 
is available, equation 7-12b provides 


p sind — sin ¢ 
T 


ii — Vr (7-14) 


Substituting the expression for r from Table 
7-2 provides 


ou = F (4) - f (p,8, 4) (7-15) 


Ow 


which is infinite when sin ¢ = p sin 8 or, when 


g — As; where 


A = arcsin (psin 8) (7-16) 


Under these conditions one can show that 


$(A) =0 p cos 6 


"\/1— p? sin? 8 = 
pcos § 


= F(¢,)p' cost , ——=———_—— 
(do)p 1 — p* sin? 8 


=2 (7-17) 


» cos 6 
V1 — p? sin? 8 


Figure 7-9 shows the necessary relationship 
between p and sin 6 in order that ¢ remains 
finite. Values of p sin 8 in Region I result in 
infinite turning rates. In practice, the maximum 
turning rate is limited so that the missile will 
execute its maximum turn (for p sin 8 in 
Region I) until it cuts across the line of the 
target path and then either re-enters the proper 
course or is lost. 


Since Ay =|Vu¢| the acceleration will be 
finite only as long as ¢ is finite, or in other 
words, when p and 8 are such that one is in 
Region II of Figure 7-9. 
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Figure 7-9. Turning Rate Criterion for Modified Pursuit 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 


7-2.5 CONSTANT BEARING COURSE 


A constant bearing course is one in which the 
line-of-sight from the missile to the target main- 
tains a constant direction in space. That is, in 
Figure 7-10 which illustrates the constant bear- 
ing geometry, ¢ is a constant and hence ¢ — 0. 
The equations of motion are: 


r = Vrcos Yr — Va COS yu 


(7-18) 
0 = Vpsin yr — Vy sin yy 
which provide the solution, 
r= 7, + (V7rc08 yr — Vy COS yy) t (7-19) 


Total flight time is obtained from equation 7-19 
when r = 0. For a straight line target course, 
both the missile turning rate and, hence, lateral 
acceleration are zero, while for a constant speed 
Maneuvering target and missile the missile 
acceleration cannot exceed that of the target. 





Figure 7-10. Constant Bearing Geometry 


From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. 


7-2.6 PROPORTIONAL NAVIGATION 


A proportional navigation course is one in 
which the rate-of-change of missile heading 
1s made directly proportional to the rate-of- 
rotation of the line-of-sight from the missile to 
the target. (See references 6 and 16 for a three 
dimensional definition. ) 
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The geometry is shown in Figure 7-11 where — while equations 7-21 a and b become 
the angle ¢, is the missile heading. The equa- 
tions of motion are: 


r =Vrcos¢— Vy cos (¢ — $y) (a) 


r = V;cos (a, — y) — Vy cos y (a) 


rd = — Vrsin (a, — y) + Vysin y (b) 


rd = —Vrsing + Vysin(¢—¢y) (b) (7-26) 
dur = ad (c) and provide the solution shown in Table 7-2. 
(7-20) Explicit expressions for elapsed time and flight 

or time cannot be obtained in closed form. Figgure 


oe ie 7-12 illustrates the nature of the resulting 

a a a (a) trajectory for a = 2 and ¢, = 60°. Czerwe C 

rp =—Vrsin (y+ ¢y) + Vusiny (b) corresponds to having the missile initiallzay on a 

: : a : constant bearing course. The turning rate can 

ou = ao = ( i -) Y (c) be obtained from the solution for r and equation 
(7-21) 7-26b. The lateral acceleration then is 


Although the equations can be solved in closed _ oe 

form only when a = 2, numerical techniques Ay = | Vudu | = | aVird| (7-27) 
can be used to obtain solutions in other cases. 

For a = 2, equation 7-21c reduces to 





oy = 26 = — 2y (7-22) 
or 106° ¢ 
Phe oy (7-23) oe 
From Figure 7-11, ¢ = y + ¢y so that equation “" 
7-23 may be written as - 
y+ ¢4 = ¢0+ Yo— ¥ =%—Y (7-24) ~ 
where 0.7% 
Qo = go + Yo (7-25) 
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Figure 7-12. Proportional Navigation Course 


Figure 7-11. Proportional Navigation Geometry ¢o — 60°,p=—2 
From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van From: Arthur S. Locke, GUIDANCE, Copyright 1955, D. Van 
Nostrand Company, Inc., Princeton, N.J. Nostrand Company, Inc., Princeton, N.J. 
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>” PERTURBATION ANALYSIS 


“able 7-2 indicates that even for highly 
alized models the resulting solutions for 
jectory characteristics may be quite complex. 
e analysis problem is more difficult when 
*s~et maneuvers, control lags, and limited 
celeration capability are considered. 

To gain additional insight and simplified 
odels, considerable effort has been devoted to 
udying the perturbed motion of missiles in 
arious guidance modes. (See references 5, 6, 
, 10 and 12 through 20.) 


Adler®.!®2° has shown excellent agreement 
etween the perturbation approach outlined 
elow and the exact solutions. Results for pro- 
»Ortional navigation may be applied to the 
dursuit course by specializing to a = 1, ¢, = 0. 
Ihe modified pursuit course results from 4, 
~ 0,a=1. 


7-2.7.1 Nominal Trajectory 


In Figure 7-12 a particularly simple trajec- 
tory resulted when the missile was given the 


Bo VT By 





proper initial heading. For the perturbation 
analysis this trajectory, the constant bearing 
trajectory, is taken as a reference and devia- 
tions from it are studied. Nominal results may 
be obtained from Table 7-2 and are normally 
expressed as follows: 


Closing speed 
V.= — (Vrcos yr — Vy COS yy) (7-28) 
Range 
r=—r,— V.t (7-29) 
Flight Time 

To 
t;= v. = fT, (7-30) 
Time-to-go to Collision 

Tr 

see aioe 2 (7-31) 


7-2.7.2 Perturbations 

Since the line-of-sight orientation remains 
fixed in the constant bearing case, all angles can 
be measured from it. The reference path and 
perturbations are shown in Figure 7-13. Notice 
that missile and target position perturbations 


Co 


Ao INITIAL MISSILE POSITION 


VM Bo INITIAL TARGET POSITION 


Ao BoCo = INITIAL COLLISION TRIANGLE 
(REFERENCE FRAME) 
B, = REFERENCE TARGET POSITION 
, AT TIME -TO-GO T 
B, = ACTUAL TARGET POSITION 
AT TIME-TO-GO T 
A; = REFERENCE MISSILE POSITION 
AT TIME-TO-GO T 
A, = ACTUAL MISSILE POSITION 
AT_TIME - TO-GO T 
Xr = B, By » Xypz Ay Aj 
8 = MISSILE LEAD ANGLE 


Figure 7-13. Coordinate System for Analysis of Proportional Navigation Trajectories 
(Adapted from reference 20.) 
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may be resolved into components along and per- 
pendicular to the reference direction, and that 
Ly, Zp are the perpendicular components. The 
line-of-sight perturbation angle is represented 
by o and 6 is the missile velocity vector per- 
turbation angle. 

If the reference direction in Figure 7-11 is 
made to coincide with the initial line-of-sight, 
the following correspondence between Figure 
7-11 and Figure 7-13 results: 


¢=¢+o=0 (¢.= 0) (a) 
(7-32) 
ou = duo + B= 8. + B (buo = 8o) (b) 
while equation 7-20c becomes 
(3, + B) = 4 (¢. + 9) 
or 
8 = ac (7-83) 


Expressions for xy and o are obtained from 
Figure 7-13 and small angle approximations. 


Xr — Xy 
= tan | ————— a 
o=arc tan ( VT (a) 
Xy = Vy sin (8+ 6B) — Vy sin 8, (b) 
or (7-34) 
P Xp — Xu 
- ( Vor (a) 
Xu = (Vy cos 5,) B (b) 
(7-35) 
Using equation 7-35 in equation 7-33 results in 
oho = “(== peat (7-36) 
dt \ V,, cos 8, dt\ V.T 
or 
: a V,, cos 8, 
ray + (Uae) ay 
— (+See p+ Ty, (7-87) 


In equation 7-37, ty, is the initial perturba- 
tion velocity. It may be expressed also as an 
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initial pointing error, B, = ty,/Vu COS 5,. Fa 


trajectories A and B of Figure 7-12, 6B. 
—25.7° and —12.7° respectively. 


i 


For a reasonably accurate control system an 
small speed changes, the quantity a Vag, cos 8/V. 


may be considered to remain constant. It 


is 


commonly referred to as the effective vzaviga- 


tion constant. 


K.= a V;, cos 8, 
V. 


In terms of K,, equation 7-37 becomes 
Ty + K, Lay = K, tr + Ty, 


(7-38) 


(7-39) 


Figure 7-14 shows the effect of initial aiming 
errors (x7) = 0 while Figure 7-15 shows the 


missile acceleration that results from a step in 
target acceleration (ry, = 0), 
ies ges a T)- (7-40) 
2 2 
The final value of Ly/A; is shown in Figure 7-16 
as a function of K,. 


Figure 7-16 indicates that a large value for 
K, should be employed to reduce the acceleration 
required to counter a target manuever. In an- 
alyses that consider the effects of control system 
time lags and noise disturbances it is pointed 
out that the rms miss distance increases with 
K, so that practically only values of K, in the 
range of three to seven are of interest. (See 
references 6, 19 and 20.) 


7-2.8 SENSOR REQUIREMENTS 


The choice of guidance mode or trajectory 
affects the subsystems configuration in the sense 
of requiring the measurement of certain quanti- 
ties. Basic measurements required for each of 
the five modes just considered are listed in Table 
7-3 and common implementation requirements 
are shown in Table 7-4. 


Additional measurement requirements are re- 
lated to fuzing and autopilot requirements. 
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Figure 7-14. Missile Trajectories for Initial Aiming Error. (K. — Effective Navigation 
Constant.) (a) Displacement; (b) Velocity; (c) Acceleration. X7 —0 


(Adapted from reference 20.) 
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Figure 7-15. Required Missile Acceleration for Constant Target Acceleration 


(Adapted from reference 20.) 


a” me 


AIA, 
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Figure 7-16. Missile Acceleration Ratios Versus Navigation Constant 


TABLE 7-3. GUIDANCE MEASUREMENT REQUIREMENTS 
Guidance Mode Measured Quantities 


Line-of-sight (beam rider) 













Interceptor displacement from line-of-sight 
from ground reference point to target. 














Pursuit Angular displacement of interceptor velocity 


vector from line-of-sight from interceptor 
to target. 





Modified pursuit 





Angular displacement of interceptor velocity 
vector from pre-determined, fixed angle with 


respect to the line-of-sight from interceptor 
to target. 











Constant bearing (collision) Correct angle between line-of-sight between 


interceptor and target and interceptor velocity 
vector. 








Proportional navigation Angular rate of line-of-sight between inter- 


ceptor and target. 






Paragraph 6-1.6 of Chapter 6 considers this lateral acceleration and speed of response (fre- 
problem from the viewpoint of the fire direction | quency spectrum of turning rate) were obtained 
and coordination problem. for several different flight paths. The physical 


7-3 GUIDANCE SERVO LOOPS system requires sensing the proper flight path 


parameter and operating on it in such a manner 
7-3.1 GENERAL that the missile follows the prescribed trajec- 
In the preceding section, parameters dicta- tory, as outlined in paragraph 7-2.8. 


ting required missile performance such as Sensor characteristics are considered in later 


7-17 


Jaye], peseg punouy 


Jayoeijy, paseg punouy 





Iayaag 
BATIOB-1W1IG aT SST 

oz Buy WNT TI 
pue JayOeIL, punouy 


Jaynduroy 

qd/Vv 10 szaynduroD 

puno.) pu® zayaasg 

GATIOS-TMag V[TSSTIN 
10}; Buy wan] 

pue zayoeayL punouy 


IayIaas 

@ATJOV-IUIaS JTISST]V 
aIayndwio0y 

peseg punouy 
IOJEUTUINTT] pue 


Iayaas 
@ATJOV-1WIG ITISSTIN 
IOJEUTUIN][] pue 


AIZTTIGBIS 
IO dDUIaTIJaY [10H 
IIATIIIY I[ISsSt] 
10}JUT ONT] 
pue 1ayoea], 
aisuy peseg punory 


























J9YIIS ITISsST 


(yooul 
-0.1}09319 10 
D319) Saosuas 
[etZIaU] 1aznd 
-WI0D ‘azayaas 
Aepey asst 








I343aSg 
ACpey 2 ISSTW 
azaynduwi0y 
peseg punouy 

Tepey 
peseg punouy 








Iay2asg 
JEpeY aTTSSTIN 











a1qeottddy iON 


sulIwiOoH, 9AT}OV-Tu1aG sulwioyH aATpY 





Jayaag aTSstN 


JajnduloD sus0q.ty 
AdZI9E 2aTISsSTW 


AdYI9E sl TSsiW 
zaynduroy 
peseg punoiy 

Tepey 
peseg punoaly 


I9YIIC YITISST] 


atqeoriddy oN 


SLNIWZSINOI NOMLVZINVHIIW JGOW JINVGING ‘e-Z J19VL 








AIBZTTFQUIS 
IO BdUsIajaY [OY 
yur] bed 

aajyndaroy 
peseg punouy 
Iepey peseg punouy 


AIZTTTQeIS 
IO aduatajay [10H 
yur] bed 
azayndwoy 
peseg punouy 


qJepey peseg punoiy 


AIZTTIGeys 
IO adUsIaJaY 110 
yur] Bye 
aayndwoyd 
peseg punouy 


aIepey peseg punouy 


AIZTTQeyS 
IO 2dDUuaTIJaY 110 
yur] eyed 

Jiajndw0y 
peseg punouy 
Iepey peseg punouy 


AIZTITQeYS 
IO sDUdTIJaY TOY 
yur] eyed 

IIIA L 
aisuy peseg punouy 


UOTIESTIACN 
[euo1,A0doig 


sulsreag 
que sUoy 


yNsang 
Pest po 


WUZIS- JO- aut] 





aouepiInes) pueuw0D apoyy souepIny 


a» 


7-18 


‘tions. Here, the problem of operating on the 
oper parameter is discussed after illustrating 


e general closed loop nature of the guidance 
‘stem. 


“3.2 LINEAR FEEDBACK CONTROLS 


It is not the purpose of this handbook to de- 
ive results from servo theory but rather to use 
hem to convey concepts useful for guidance and 
ontrol design. However, the remainder of this 
ection will summarize servo theory and outline 
-he results obtainable with its use. References 
21, 22, and 23 are recommended sources for 
the reader who requires more coverage than is 
given here. 

The forces* acting upon the various com- 
ponents of any system and the resultant mo- 
tions* of the components can be expressed as 
aifferential equations which describe the dy- 
namic characteristics of the components. In 
general, the analysis problem constitutes one of 
determining the motion of components by solv- 
ing the differential equations. Since the differ- 
ential equations are usually nonlinear or have 
variable coefficients, much of the literature is 
concerned with approaches for obtaining ap- 

proximate solutions by linearizing the equa- 

tions or examining solutions in a period of time 
that is short when compared with that required 
for a significant change in the coefficients. The 
design problem, however, concerns, among other 
things, the specification of components that 


*These are to be reviewed in a general sense. The forces 
include mechanical and electrical forces. Similarly, the 


motion may be a physical displacement or electrical 
quantity. 


affect the differential equations in such a way 
that the resulting solutions have desirable 
properties. In either case, most problems are 
initially reduced to considering linear, constant 
coefficient, ordinary differentia] equations. (Ex- 
ceptions may already be noted in paragraph 7-2. 
Another important class of exceptions is that 
of adaptive controllers.) When reduced to this 
form, a host of techniques from control] system 
theory are available to accomplish the required 
modifications. 


The simplest general servo is shown in Figure 
7-17 where 


C(s) = E(s) G(s) (7-41) 


which is a notation indicating that the Laplace 
Transform of C is the product of the trans- 
forms of E and G. 


E(s) = R(s) — F(s) and: 
R is the reference or command function. It is a 
measure of the condition desired. 
C is the controlled variable. It is the actual con- 
dition which results from the command. 
F is a function which is a measure of the actual 
condition (C), which is compared with the com- 
mand (RF). 
E is the error resulting from this comparison. 
The presence of an error at (E) is an indication 
that the controlled variable (C) is not in cor- 
respondence with the desired command (RF). . 
G is the forward gain function and represents 
the characteristics of the mechanism or process 
being controlled. It also includes the character- 
istics of that portion of the control system which 





Figure 7-17. Simplified Servo Loop 
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interprets the error signal and forces the con- 
trolled variable to closer correspondence with 
the command. 
H is the feedback function and represents the 
characteristics of that part of the control system 
which measures the actual output (C), and 
transmits some function (F) of that output for 
the comparison with the command (RF). 

The importance of the feedback function (H) 
is demonstrated by manipulating equation 7-41 
to obtain the output (C) as a function of the 
command (Rf). 


R(s) G(s) 





C(s) = ——————_ (7-42) 
1+ G(s) H(s) 
The closed loop transfer function is 
C(s) | G(s) 
R(s)  14G(s) H(s) ue) 


If the numerical gain of the open loop 
function is large compared to unity, 
F(s) 
E(s) 
then equation 7-43 becomes approximately 


G/GH or 1/H. (The argument ‘‘s’’ is often 
omitted for compactness.) On the other hand, if 


Fe 
E 


G(s) H(s)|>>1 
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equation 7-48 reduces to G. More detail is 
required if 


ox J 


E 
More particularly, considerable effort is usually 
devoted to finding those values of s for which 
F/E = GH = —1. Plots of such values are 
called root loci (the locus of roots of 1+ G(s) 
H(s) = 0) and are important in deterrmining 
response and stability characteristics of closed 
loop systems. 


7-3.3 PRIMARY GUIDANCE LOOP 

The main loop of a guidance and control 
system is illustrated symbolically in Figures 
7-17 and 7-18. The elements of Figure 7-18 
are meant only to point out the major con- ! 
stituents of the loop. The sensing devices for in- 
stance may be carried completely within the 
missile or may be split between ground and air- | 








borne installations. The feedback function, A(s) 
in Figure 7-17 and “kinematics” in Figure 7-18, 
is somewhat unique in that no physical equip- 
ment is involved. Rather, the kinematics is that 
set of relations from paragraph 7-2 that de- 
scribes the flight path parameter of interest in 
terms of airframe attitude, position, etc. It is 
sometimes referred to as geometry feedback as 
discussed in paragraph 7-5. 
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Figure 7-18. Primary Guidance Loop dj 
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An additional feature is that the computer 
ay not stand out as a separate element. The 
ming seeker usually employed with pro- 
»rtional navigation combines the properties of 
nsing and computing. 


-4 FLIGHT CONTROL 


‘4.1 GENERAL 


From the flight control standpoint, the guid- 
ance loop is considered only as a source of the 
20mman4d signal. This is labeled c in Figure 7-18. 
Figure 7-19 shows a typical pitch control chan- 
nel from a simple flight control system which 
could be a portion of the two blocks labeled G 
in Figure 7-18. Figure 7-19 is a closed loop 
system also. 


7-4.2 SPECIAL FEATURES 


In addition to controlling the airframe ac- 
cording to guidance loop commands, the stabil- 
ity of the responses must also be maintained. 
Sources of instability are divided into three 
classes: 

(a) static or attitude instability — the tend- 
ency of the airframe to drift slowly from a 
desired attitude 


(b) dynamic or short period instability —the 


tendency of the airframe to oscillate rapidly 
about a desired attitude 


(c) structural resonance — the tendency of 
the airframe to vibrate at a frequency deter- 
mined by the mass of the missile and the elastic 
properties of the body structure. 


Thus, SAM flight control reduces to three sepa- 
rate, but interrelated problems: 


(a) the overall guidance problem of com- 
manding and holding an attitude or a scheduled 
program of attitude which will result in inter- 
cepting the target. 


(b) damping out any short period oscillatory 
tendencies of the missile —these oscillatory 
tendencies may result from the aerodynamic 
characteristics of the flight environment or 
from resonances inherent in the attitude con- 
trol loop. 


(c) minimizing the excitation of the body 
bending modes of the airframe — these vibra- 
tory frequencies may be excited by aerodynamic 
forces at sonic and supersonic flight speeds or 
by the control system itself as a result of a 
combination of high frequency response of the 
contro] system and the improper placement of 
a sensor. 


ACTUATOR POSITION 


ATTITUDE COMMAND 





FEEDBACK 


VERTICAL 
GYRO 


Figure 7-19. Flight Control System Pitch Channel, Block Diagram 


7-4.3 AIRFRAME AS A LOOP ELEMENT?*-?¢ 


The airframe is an excellent example of the 
simplification process discussed in paragraph 
7-3.1. It is a complicated servo component with 
the result that its control characteristics change 
considerably during the launch, midcourse, and 
terminal phases of interception.27 That is, the 
airframe transfer functions are generally dif- 
ferent in each of the three flight regimes. 


The differences are emphasized if the terminal 
phase occurs outside the significant atmosphere 
where aerodynamic effects are either non- 
existent or negligible. 


To provide effective control in these circum- 
stances, the flight control subsystem must be 
capable of recognizing the changed airframe 
control characteristics and appropriately modi- 
fying the actuation signals supplied to it. The 
level of refinement for accomplishing this varies 


considerably and covers the range from not con- 
trolling the airframe to adaptive autopilots.* 

Whether the controller continously or dis- 
cretely adapts, the nature of the airframe trans- 
fer functions describe the element that must be 
controlled. The basis for obtaining these is out- 
lined in following sections with some ty pical re- 
sults. It should be noted that the coefficients 
(K’s and T’s) depend on various airframe 
properties as discussed in paragraphs %7-4.3.4 
and 7-4.3.5. 


7-4.3.1 Coordinate Systems and Nomenclature 

Several coordinate systems are useful in the 
analysis of aircraft automatic control systems. 
(See references 24-26 and 32.) One is the body 
axis system shown in Figure 7-20. 


*Although important, adaptive controllers are not con- 

sidered in detail here, the essential point of any such 
discussion is simply that adaptive controllers extend 
the usefulness of simple models. Discussion and ex- 
amples of adaptive controllers are contained in ref- 
erences 27-31. 
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Figure 7-20. Missile Stability and Body Axes 
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"These axes have their origin at the center of 
eravity of the missile and are oriented such that 
the X axis lies along the principal axis of the 
airframe, the Y axis is parallel to a line connect- 
img wing tips, and the Z axis is perpendicular to 
the XY plane. In the case of a cruciform vehicle 
the Y and Z axis orientation is arbitrary. How- 
ever, the Z axis is taken to be vertical and the Y 

axis horizontal when the missile is in level flight. 


Another system utilizes the stability axes. 
"They are usually the axes used for determining 
the stability characteristics of the aircraft. The 
set of axes to be used is a matter of preference 
or convenience depending on the problem in- 
volved. The stability axes differ from the body 
axes as shown in Figure 7-20. The X’ axis is 
oriented along the velocity vector of the center 
of gravity. The Y’ axis is identical with the Y 
axis. The angle between X — X’ and Z — 2’ is 
the angle of attack, a. 


Since the direction of axis X’ is into the rela- 
tive wind, the stability axes are usually used for 





reference of all aerodynamic forces. Drag is 
considered along the negative X’ axis and lift is 
considered along the negative Z’ axis. 

For the purpose of including the effects of 
gravity, two other angles are taken into consid- 
eration. As shown in Figure 7-21 these are the 
pitch angle, 0, between the X axis and the hori- 
zontal, and the flight path angle, y, between the 
X’ axis and the horizontal. 

Using either of these sets of axes, the motion 
of the airframe may be expressed in six degrees 
of freedom. 

The nomenclature is shown in Table 7-5. 

In the relatively small sample of nomenclature 
illustrated here there are ambiguities. Moments 
about the Z axis are given as N, while N is also 
sometimes used to represent acceleration along 
the Z axis or normal to the principal X axis of the 
aircraft. Also, © is used to indicate total pitch 
angle from the horizontal as well as pitch angle 

from any orientation that the X axis might have 
at the beginning of any specific transient. 


Figure 7-21. Missile Pitch Angle and Flight Path Angle 
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TABLE 7-5. COORDINATE SYSTEMS NOMENCLATURE 


Linear Motion 
Axes 
Velocity 


Acceleration 


Angular Motion About Axes 


Angle 
Velocity 


Acceleration 


Forces 


Torques or Moments About Axes 


Moments of Inertia 


Moments of Momentum About Axes 


7-4.3.2 Equations of Motion 

Although a set of inertial axes may be used 
to express the equations of motion, the result 
is unduly complicated. Usually either body or 
stability axes are employed. 


Although these references move with the 
missile, for flight control purposes it can be 
assumed that they remain stationary for an 
instant of time (A,), during which the missile 
moves with respect to the stationary axes. The 
axes then reorient themselves with reference 
to the missile and another time period (A,) is 
considered. 


If these successive time periods approach 
zero in length, the equations which express 
motion with reference to inertial axes can be 
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used instantaneously as representative of the 
airframe dynamics.*! 

The equations which describe the six degrees 
of freedom of the missile are 


d(mV) 





F= dt (a) 
i= a (b) 
(7-44) 


where F is the vector force acting on the air- 
frame, V is the vector velocity, M is the moment 
and H the amount of momentum. 

For any orthogonal set originating at the 
center of gravity and fixed relative to the air- 
frame, the components of equation 7-44 become 


F,—= m(U + QW — RV) 
F,—m(V + RU — PW) 
F.= m(W + PV — QU) 


L = Pl, — Ql, — RL; + QR (es — Iyy) 
— PQI,. — Q71., + R7l,.+ PRI, 


M == QI,, ope RI,. = PI... + PR (J,., = I.;) ia 
QRI,, ica | iad Ge + Pr1;: + PQ!,: 
N — RI.. = Pl., + PQ Ci, a ie.) — PRI,. 


— Pol. ae Q*liy = QRI,. 
(7-45) 


where I,,,, I,,, etc. are products of inertia. (Con- 
stant mass and position of c.g. have been 
assumed.) 


The problem of obtaining transfer functions 
for the airframe centers about studying special 
cases of the set in equation 7-45 with F and M 
expressed in terms of thrust, gravity, and aero- 
dynamic forces. 


In winged vehicles, the XZ plane is one of 
symmetry; therefore, the terms containing the 
products of inertia J,, and IJ,. become zero. For 
cruciform missiles (symmetrical about the X 
axis) all products of inertia revert to zero when 
body axes are used. For most winged vehicles, 
the product of inertia term /,-. is small enough 
to be neglected when body axes are used. When 
stability axes are used and small angles of 
attack are considered, all products of inertia can 
be neglected. When large angles of attack are 
considered, the term J,. cannot be neglected for 
winged vehicles whose slip angles are small. 
(The slip angle is the angle between the X axis 
and the projection of V on the yaw plane.) If 
the slip angle is large, J,,, and J,- must also be 
considered for accurate analysis. 


The differences just referred to between 
winged and cruciform airframes result from the 
method of making horizontal turns. The method 
of making such a turn by a winged vehicle is to 
roll and pitch. If a properly coordinated turn is 
made (no slip or skid) there is no rotation 
about the Z axis. The turning results from rota- 
tion in the pitch plane, around the Y axis, which 
assumes an angle ¢ with the horizontal because 
of roll. The only angle of attack is in the XZ 
plane. 


Although a cruciform missile could make a 
horizontal turn maneuver in the same manner, 
it is usually more efficient to rotate the missile 
about the Z axis. This maneuver results in a 
lateral attack angle, wy, which is the yaw angle 
when referenced to the flight path vector X’. If 
both the attack angle a and the yaw angle (lat- 
eral attack angle) become large, all products of 
inertia should be considered. Inertial coupling 
between rotational motion around each axis be- 
comes significant to the stabilization of the 
missile. 


Fortunately for most applications, attack 
angles are small and for an initial approxima- 
tion all inertial coupling is ignored. For further 
simplification, the principal of superposition 1s 
assumed and each axis is treated separately for 
initial approximate calculations or simulations. 

Whatever degree of complexity one uses in 
expressing the motion of the airframe, when the 
summation equations of forces and moments are 
written, the external forces acting upon the 
aircraft are thrust, gravity and the aerodynamic 
forces. 


7-4.3.3 Launch Phase Models 


The launch or boost phase presents the most 
challenging control problem since the mass, 
speed, dynamic pressure, and other airframe 
characteristics related to control change most 
drastically. 


Linearized models of the airframe have been 
developed for this phase from several view- 
points. If no control is exerted during the boost 
phase, dispersion estimates can be obtained un- 
der the assumption of constant mass and aver- 
age aerodynamic characteristics as discussed in 
references 26 and 33. The effects of pointing 
errors, initial yaw, gravity, initial angular 
velocity, thrust misalignment, wind, fin mis- 
alignment, and slow spin are included in a 
treatment of the motion during burning. 

The problem of exerting control during this 
phase has recently been approached from the 
point of view of adaptive controllers.**:34 


7-4.3.4 Low Dynamic Pressure Models 

If the airframe parameters are relatively 
constant, the analysis problem is greatly simpli- 
fied when aerodynamic forces are negligible. 
This is generally the case for extra-atmospheric 
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flight. The same approach also yields approxi- 
mate results for some period immediately after 
launch. In the absence of aerodynamic forces, 


however, control forces and moments must be 


obtained by thrust control. 
The linear acceleration of the airframe is: 


ee (a = 
a=— + g where T is the thrust vector and m 


is the mass. Although T is shown in Figure 7-22 
as passing through the center of gravity along 
the X axis, a significant perturbation may result 
from thrust misalignment. This occurs when T 
is either non-collinear with X or, does not pass 
through the center of gravity, or both. 


Figure 7-22 shows the accelerations of a mis- 
sile outside the atmosphere. Assuming that the 
XZ plane is kept vertical, and thrust is perfectly 
aligned, the equations are as follows: 


(a) 


T 
a, —=—cos9 
™ 


(b) 
(7-46) 


ie sigesG 
m 


where a, and a, are the horizontal and vertical 
components of missile acceleration with refer- 
ence to earth coordinates. 

When control forces are considered, thrust 
misalignment must be accounted for. The angu- 
lar acceleration of the airframe is best defined 
in terms of its components as indicated in 
Figure 7-23. 

Control about the X (roll) axis is usually 
accomplished by varying thrust devices differ- 
entially and obtaining a couple about the X axis. 

The area of extra-atmospheric control reduces 
to applying forces to a free body, observing the 
body’s motion and varying the direction and/or 
magnitude of the forces until the desired 
missile attitude is obtained. 

For linearized models the control moment is 
expressed as a linear function of a control 
deflection, 8,: ‘ 


M — K, 5. (7-47) 
For the pitch axis 
M=I,,Q= Ku, be (7-48) 


Defining M s, by 


x’ 





Figure 7-22. Missile Acceleration Outside the Atmosphere 
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ch 








Tz 


M, = ——® (7-49) 





: yy 

provides 

Q= Mz, 3, (7-50) 
K u,i8 a torque coefficient containing the mag- 


nitude of the control force and related geometry. 
It is usually written as M, and is defined as the 


c 
moment per unit deflection. In some cases M, is 
considered to contain the moment of inertia J,, 


Figure 7-23. Missile Angular Acceleration, w 


and, although equation 7-50 is actually an ac- 
celeration equation, it is still referred to as the 
moment equation. That is, 


Q = 0, and 0 = My, 8. (7-51) 


This can be written as a transfer function in 
terms of the Laplace Transform parameter as 

O(S) — Ms, 

&.(S) S 





(7-52) 
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and can be represented as shown in Figure 7-24. 
Figure 7-24 shows the block representing the 
airframe pitch response to a control deflection. 

If a control loop using two sensors, one meas- 
uring pitch attitude, ©, and the other pitch 
velocity 9, is closed around the block, Figure 
7-25 results. 

Assuming that the flight control amplifier 
and actuator can be represented by the numeri- 
cal gain, A, the forward function becomes 


Figure 7-24. Airframe Pitch Response to Deflection of 
Control Surfaces — Low Dynamic Pressure 
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KM, _|[{ KMs, 
GH = ( 32 ) #=/( 3 ) i + KS) 
(7-53) 
The closed loop transfer function is 
O(s) __ G(s) 
R(s) 14 C(s) H(s) 
(1/K,) (K Mo, Ky) er 


~ S?4+KM, K,S+KM, K, 


Equation 7-54 is well-known in servo theory as 
a quadratic transfer function. It is usually ex- 
hibited in standard form as 





@(s) _ Gon? (7-55) 
R(s) S? + 2Ew,S + w,? 


where € is the damping factor and w, the natural 
frequency. For equation 7-54, w,? = K M,, K, 
and 2&w, = K K, M, . Since three parameters, &, 
K,, K,2 can be adjusted in Figure 7-25, the three 
characteristics G,, §, w, of equation 7-55 can be 
made to have desirable properties. 

A simplified three dimensional model is 
obtained by writing similar equations for the 
remaining two axes. The equations of motion 
about the X and Z axes are similar, except for 
the magnitude of moments. With the absence 
of aerodynamic forces, control difficulties are 








Figure 7-25. Attitude Controller — Low Dynamic Pressure 
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educed to those of mechanization and en- 
‘ronment. 


¥-4@.3.5 Aerodynamic Forces 


"The flight control equations for flight out- 
side the atmosphere have been given for the 
Pitch axis in equations 7-46 and 7-54. When 
fligzht within the atmosphere is considered, these 
equations are complicated by aerodynamic 
forces (see Figure 7-26). The linear motion 
equation becomes 


T | ae D 
a, —= —cos 0 — — sin y — — cos y (a) 
m m m 


a. 55 gin Ooh sie (b) 
m m m 

(7-56) 

Without the aerodynamic forces, the accelera- 

tions, both horizontal and vertical, remain con- 

stant for any given thrust, weight, and attitude 


angle. As long as thrust is greater than weight, 
the speed increases continuously regardless of 


L 


attitude. With aerodynamic forces, for any 
given thrust and weight, each attitude angle 
has a terminal speed associated with it due to 
drag forces which increase with speed. The 
flight path angle also changes with each change 
of attitude. 

In the aerodynamic case, the total applied 
(external) forces and moments are usually 
approximated by a linear combination of effects 
of several variables. The pitch moment, for 
instance, from equation 7-45 becomes 


M = Ql,, — RI,, — --- + PQU.: = My. 3.+ 
M35. + Maa+ Mia+ Me0,ete. (7-57) 


Each separate term M contains the character- 
istics of that function of the aircraft to which it 
applies. For instance 


M,= (Cm) (qSC) 


where 


(7-58) 


q is the dynamic pressure, q = — pU* 
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Figure 7-26. Effect of Aerodynamic Forces Upon Missile Axes Within the Atmosphere 
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U = relative wind speed 
p = air density 
s is the reference area (usually wing) 


c is the reference distance (usually the 
mean aerodynamic chord of the wing) 


Cu is an aerodynamic moment coefficient 
which may be derived analytically or empiri- 
cally in a wind tunnel. M, and C, vary witha 
and are considered linear for small angles of 
attack. 


At subsonic speeds the stability derivatives 
are a function of gq and are approximately pro- 
portional to U?. 

At transonic and supersonic speeds, the aero- 
dynamic forces which act on the airframe are 
more a function of airframe configuration than 
of velocity. The rate of change of any of the 
aerodynamic constants may vary widely and 
sometimes erratically as a function of velocity, 
depending on airframe configuration. 

Similar expressions are obtained for the 
remaining equations in 7-45. The above expres- 
sions are linear in the various deflections and 
velocities. However, this is only an approxima- 
tion which may be viewed as the result of 
retaining only the linear terms of a Taylor 
series expansion for the forces and moments. 
(See references 24-26 and 35.) 


7-4.3.6 High Dynamic Pressure Models 

When the midcourse and terminal phases 
occur within the significant atmosphere, the 
control problem is usually characterized by 
reasonably constant airframe parameters and 
dynamic pressure. With appropriate assump- 
tions concerning the airframe and the motion 
involved, equation 7-45 can be reduced to 
separate sets of equations. The various special 
cases are usually referred to as the longitudinal 
and lateral modes.?‘-2¢ 


LONGITUDINAL MODE TRANSFER FUNCTIONS 


The most often used results for the longi- 
tudinal mode result from reducing equation 
7-45 to 


F, =m (W — QU) (a) 


M=—QI,, (b) 
(7-59) 


and introducing the aerodynamic forces. While 
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this may seem to be a drastic reduction, useful 
engineering results have been obtained by this 
approach. The two-degree-of-freedom approxi- 
mations presented above may be appreciated 
better if results of less drastic assumptions are 
examined first. The three-degree-of-freedom 
description uses equation 7-59 but in addition 
admits to changes in the forward speed, U. 
That is, the set 


F, — mU (a) 
F, = m(W — QU) (b) (7-60) 
M = Q(I,y) (c) 


is considered and perturbations from a nominal 
condition are studied. In terms of Figure 7-26, 
the transfer functions obtained from equation 
7-60 are 


u(s) oo. K,, (T, S + 1) (T.S + 1) 


5.(8) ~ A(8) ~ 


a(s) _ Ke (TsS +1) (= + +5 +1) 


8.(8) email 
(b) 
(3s) _ Ko(T:S+0)(M%S+1) 
5-(8) A(8) 
Ne) = (25 42S +1)(55 4 Se S41) 
d 
aa 


Gravity effects are not included; u, a, © are 
the changes from nominal. The gains, time con- 
stants, damping factors and natural frequencies 
in these expressions are complicated functions 
of speed, air density, and airframe control 
parameters as indicated in the discussion of 
equation 7-58. The quantities needed to compute 
them for any given airframe may be estimated 
from Chapter 14 (Airframes) and references 
25 and 26. 


A transfer function for y can be obtained 
from equation 7-61 by noting that 6 = a + y. 


In equation 7-61, w, is the natural frequency 
of the phugoid oscillation and o,, is that of the 
short period oscillation. The phugoid oscillation 
is a slow oscillation between altitude and for- 


eh. 


ward speed. Representative values from the 
literature are 

Ws, ~ 10 rad/sec 

Esp ~ 0.25 1/sec 

W, ~ 0.05 rad/sec 

E, ~ 0.05 1/sec 


( Large deviations from these figures may occur. 
The damping factor may be negative or greater 
than unity in some cases.) 

The significance of these results in terms of 
the two-degree-of-freedom approximation be- 
comes clear if the time characteristics of the 
three-degree-of-freedom transient response are 
examined. The general nature of terms in the 
transient response is that of decaying oscilla- 
tions. 

The time required for the amplitude to de- 
crease to half its initial value is 


Pi S88 ce (7-62) 
E Wn 
while the time for one oscillation is 
2n 


The short period and phugoid characteristics 
for the representative data given above are sum- 
marized in Table 7-6. 


TABLE 7-6. SUMMARY OF THREE-DEGREE-OF- 
FREEDOM TRANSIENT RESPONSE PROPERTIES 


On Ti/2] Pp 

rad/sec sec | sec 

0.05 280 126 
10 0.281 0.65 


Thus, the short period transient is essentially 
completed before the phugoid terms have 
started to be significant. Actually, the transfer 
functions presented in this section are valid (in 





many SAM applications) for a period of time 
much less than those associated with typical 
phugoid modes. 


The two-degree-of-freedom analysis provides 
simpler expressions which, for preliminary de- 
sign purposes, can usually be approximated by 


Qa Ka 
8 SS? QE, Soa (a) 
a) + Da + 
Ce Ke, (T.S +1) a 
a 2 
ss (= 4 Poe gy 1) 
Wep Wep 
Y Ko, 
3 o(S , Bwg iy (c) 
(a3 + St8+1) 
(7-64) 


where the relationship © = a + y has been 
used to obtain equation 7-46c. Representative 
values for T, are in the range of 1 to 10 seconds. 


LATERAL DYNAMICS 


The transfer functions of the lateral mode 
require the use of all six equations of motion. 
These, when simplified will yield two sets of 
transfer functions. One set gives side slip angle 
B, roll angle ¢, and yaw angle y in terms of 
rudder deflection 5,. The other set gives the 
same three angles in terms of aileron deflec- 
tion 6,. 


B 


Se 
Kpe (T, 8 — 1) (TS +1) (TS +1) 
(T4841) (TS +1) (= + S28 +1) 


Wp Wp 


(7-65) 
(a) 


Kor (ToS —1) (TS +1) 
S 2, 
(TS —1) (T:8+ 1) (—— + 484 1) 


W) 


(b) 
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Wize 

= 
2 £ 

Kyr (TS +1) (=> + $41) 
CUT W 


2 c 
$ (1,8 —1) (T.8+1) (= + 25+1) 
D D 








(c) 
B 
B _ 
Ky (ToS —1) Tw S +1) 
(T, S —1) (ns+0 (> + +2 = $41) 
(7-66) 
(a) 
og 
5, 
Koa (= +254 1) 
Wo Wo 
(T,$ —1) (T3841) (=> + 2841) 
Wp” Wp 
(b) 
v —— 
5 


Kye (TS +1) (= de Sohg ah 1) 


S (T,S —1) (T;S +1) (= +Bess 1) 
D D 
(c) 


(The time constants 7), T., T; ... 7, in these 
equations are not the same as those so numbered 
in the pitch equations. ) 


The denominators of all six of these transfer 
functions have three factors in common: wp 
the dutch roll frequency, T-; the roll time con- 
stant, and 7, the spiral divergence time 
constant. 


Generally, all three transfer functions in a 
set must be taken into consideration when either 
yaw or pitch deflections are considered. 


The factor containing 7, indicates a positive 
real root which yields instability. This term 
represents the missile’s tendency to spin if un- 
controlled, thus the name, spiral divergence. 
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The time constant 7, is very large in com- 
parison to the time constant in the other factors. 
As a result, a control loop that will control the 
dutch roll mode will include control of spiral 
divergence. This factor can therefore be ignored 
to simpify the transfer function. 

The dutch roll mode is a wobulating oscilla- 
tion, that is: the excursiuns in roll and yaw 
are 90° apart in time so that the wing tip 
traces an approximate ellipse about the y axis. 
If for either set of equations, the oscillations 
in one plane can be damped out, the oscillations 
in the other plane are automatically damped 
proportionally. For control stabilization, each 
set can be represented by one equation. 


y 
be 
2 
Kye (TS +1) (=> + +841) 
Wy Wy 
2 E 
$(T,S—1) (7,84) (=> +2541) 
Wn Wp 
(7-67) 
(a) 
oo 
b, 
St, Bt 
Ke (— a Wo s+1) 


(T, S—1) (T;S + v(= + 7a s+ 1) 
D D 
(b) 


To simplify these equations, the same method 
as was used in the pitch case can be used here. 
Only those acceleration equations which apply 
in the plane being considered will be used in 
the derivation. 

For the yaw plane, the equations for yaw 
accelerations and sideslip acceleration will be 
used, and for roll, roll acceleration will be used. 
The resulting transfer functions are: 





K 
7 Ss e $2 s+ 1) 
Wp* Wp 
& — Aen ___ (b) 


& S(T,S4+1) 
These simplified transfer functions are sufh- 
cient in most cases for control analysis and 


anon 
“tn all 


“2in 


ulation work. However, the aerodynamicist 
st in all cases assess the entire situation and 
certain whether the approximations can be 
ad. 


"2 the case of cruciform airframe configura- 
n, the aerodynamic situation in yaw is the 
nee as tn pitch. The control transfer functions 
out the three axes are as follows: 


O bet ie Ko, (Te S +1) 














ad. S? | 2 7 
; S( eng a 1) 
Wap- Wap 
wy Kon (7,8 +0) fe 
oe s (= + Ss +1) 
Wap™ Wyp 
) K 5a 
= —___e__ 7-69 
5. S(TS4) te) oo 
Although, and = ae are identical in form, 
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the constants are different since gravity must be 





considered when obtaining 9 . 
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Figure 7-27. Airframe Attitude Control Within the Atmosphere 
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Flight control intelligence can be less com- 
plicated for the cruciform configuration since 
it does not have to roll to turn. A turn command 
may be fed to the flight control system as a 
yaw command. 


7-4.4 CLOSED LOOP AIRFRAME CONTROL — 
AUTOPILOTS 


7-4.4.1 General 


The general problems of flight control were 
discussed in paragraph 7-4.1 before models of 
the airframe were available and again, briefly, 
in paragraph 7-4.3.4, where aerodynamic forces 
were considered negligible. The same approach 
can be used when aerodynamic forces are 
significant but the transfer functions of the 
airframe are different. 


7-4.4.2 Attitude Control 

Using the short period longitudinal transfer 
functions given in equation 7-64, the simple 
control loop used in the extra atmospheric case, 
Figure 7-25, becomes Figure 7-27. While not 
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shown explicitly in Figure 7-24, control of a 
is implied by © control. The required relation, 


rE is easily obtained from equation 7-64a and 


b. 


The transfer function between 9 and the com- 
manded attitude R is 





8 _ G _ K Ke, (T,S +1) 
R 1+ GH s (= +425 +1) 
Wap Wep 


+K Ko; K; (TS +1) (= S+ 1) 
(7-70) 


If the loop gain, K Ko, K, is large compared 
to unity, and if the product (2) Te is at least 


1 
equal to 1/u,,”, the transfer function can be 
approximated by 


1 /K, __/E 


H ( s+1) TrS + 1 


1 





(7-71) 


This is evident if the system root locus is plotted 
as shown in Figure 7-28.* As the gain is) in- 
creased, the three open loop poles move as imdi- 
cated by the arrows and the dominant pole (the 
one farthest in the positive real direction ) 


approaches . The two complex roots bbcOmme 





F 


real. One has a large negative real value which 
provides a rapid decay transient while the other 
approximately cancels the numerator factor 
(T,.5+1). 

The desirability of operating with high loop 
gain deserves some consideration. During the 


Br root locus plots in this chapter have no particular 
scale. 
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Figure 7-28. Flight Control System Root Locus 


7-34 


rmidcourse phase when usually relatively small 

maneuvers are required, it is reasonable to 
assume quite small values for a. Under these 
conditions, 8 — y and attitude control provides 
sufficient path angle control with the result that 
the approximation given by equation 7-71 is 
reasonable. For terminal guidance, however, 
where significant attack angles are needed to 
provide maneuvers, and time lags are important, 
the gain approximation leads to 


+= (3) (+) Ste OE 
R R/\@/  (TrS4+1) (TS+1) 
(7-72) 
As shown in Figure 7-28, Ty > Ts. so that 
equation 7-72 indicates quite sluggish path 
angle response. Even if the loop gain is operated 
at a value, K,, to yield closed loop poles as indi- 
cated in Figure 7-28, the path angle response 
will involve a large time constant, 7,. With the 


open loop gain set at K,, the approximation 
corresponding to equation 7-72 becomes 


+= (FS) -=sr 


because under these conditions the factor 
(TS +1) is not cancelled by a closed loop pole 
but by (y/@). Not much speed of response is 
obtained in this way however since T, > T'. 


It should be noted that theoretically it is 
possible to obtain quite good closed loop 
response characteristics, regardless of the air- 
frame transfer functions, by inserting proper 
compensation elements to cancel airframe poles 
and zeros. For various practical reasons this is 
not always accomplished?2? and some limitations 
on the approximate closed loop transfer func- 
tions are necessary. These are generally gov- 
erned by the airframe characteristics. That is, 
the airframe of Figure 7-28 had sufficiently 
large w,, and §,, that the approximations of 
equations 7-71, 7-72, and 7-73 were reasonable. 


This will not be the case in Figure 7-32 where 
the airframe quadratic plays a significant role 
in determining the closed loop response. The 
operating condition is also significant as illus- 
trated in Figure 7-29 which shows a represent- 
ative variation of w,, and &,, as a function of 
altitude for constant Mach number. Figure 7-29 


(7-73) 


is based on an exponential atmosphere which, 
while not accurate for some purposes, is suffi- 
cient to illustrate the nature of the changes in 
W,p and Eyy. 


7-4.4.3 Attitude Rate Control 


If the command signal in Figure 7-27 were 
a commanded pitch rate rather than pitch atti- 
tude, only rate feedback would be employed. 
That is, the feedback functions would be K.S 
rather than K, +K.S and the open loop transfer 
functions would be 


K Ko, (Ts S +1) 
GH = 2 2E, K..S 


Wap” Wap 
(7-74) 
For equation 7-74, the closed loop transfer 
function is 


eo 
R 
K Ke, (TS + 1) 


S? 2E, 
s|-— + 32 S414 K Ko, K: (ToS +1)] 
sp 


Wsp 
(7-75) 


Thus, the closed loop response with only atti- 
tude rate feedback has a pole at the origin and 
therefore, the steady state response to a con- 
stant input command is a constant pitch rate 
rather than a constant pitch angle. The locus of 
roots of the bracketed term in equation 7-75 is 
shown in Figure 7-30. Note that the airframe 
pole at the origin is cancelled by the pure rate 
feedback zero. 

If the amplifier and actuator dynamic re- 
sponse is considered, the ideal K is modified to 


a 
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(7-76) 
The resulting open loop function, GH, is 
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Figure 7-29. Variation of Airframe Short Period Characteristics With Altitude 


The root locus plot may be more complicated 
as shown in Figure 7-31. 

As the gain is increased, the short period 
oscillatory poles due to the airframe become 
over damped, but if the gain is increased 
‘further, another resonant pair of roots appears. 
If the open loop gain, K Ko, K:», lies between 
K, and K,, reasonably good path angle response 
can be obtained from a system of this type. 
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SMALL AIRFRAME DAMPING 


The root locus in Figure 7-31 corresponds to 
a highly damped airframe. In case the airframe 
transfer function is not heavily damped, the 
nature of the root locus will change to that 
shown in Figure 7-32. 

If the open loop gain is set to correspond to 
K, in Figure 7-32, the closed loop response may 
be approximated by 
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Figure 7-30. Locus of 1+ GH=0 
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Figure 7-31. Airframe Pitch Rete Controller Within the Atmosphere Root Locus Plot 
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Figure 7-32. Additional Root Locus for Attitude Rate Control 
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where §&, and w, are the damping factor and 
natural frequency of those roots on the air- 
frame branches of the locus at K,. 
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The pair of equations 7-78 is often presented 


in terms of the transform of 9 and 8 
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4 Lateral Control 


mg the simplified lateral transfer func- 
given in equation 7-69 and similar control 
» roll and yaw channels may be generated 
characteristics similar to those discussed 
iously. For the cruciform configuration 5, 
differential deflection of control surfaces. 


S TYPICAL CONTROL SYSTEM 


n previous sections, several elementary 
*k diagrams showed representative control 
tem configurations. The pitch channel dia- 
im shown in Figure 7-33 is only a slight 
riation from those previously shown. If we 
nsider the system of Figure 7-33 to be for a 
uciform missile, the block diagrams for the 
ww and roll channels will be identical to that 
10wn for pitch. The only essential difference 
‘ill be a different loop gain for roll. Also the 
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roll channel will not include the linear accelero- 
meter loop. The rate gyro is included in the 
system for short period damping and to make 
the pitch rate proportional to command. The 
accelerometer and the two filter networks are 
for the damping of body bending modes. (More 
detailed considerations of this aspect may be 
found in references 30, and 36-38.) 


The essential difference of this system from 
those previously shown is the use of the inte- 
grating rate gyro. 


By feeding both the command signal and the 
integrating rate gyro signal into the torquer, 
the gyro is made to operate in three functions. 
As a rate gyro, it is in parallel with the regular 
rate gyro in the short period damping function. 
Where a command signal is applied, the gyro is 
torqued and gyro reference is moved such that 
the gyro adds an additional rate command in 
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Figure 7-33. Pitch Channel Diagram 
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parallel with the direct command signal. When 
no command is applied, the gyro acts as an 
attitude reference and causes the missile to 
hold the attitude last called for until another 
pitch rate command is given. 

Consider the transfer function of the 
airframe: 


Q Kes, (TS + 1) 
a s( 2 4 25 944 


Wx p Wrp 





(7-80) 


The constant, Kys,, is far from constant but is a 
function of altitude, aircraft velocity and air- 
frame configuration. As previously stated, all 
aerodynamic coefficients are approximately pro- 
portional to U* at subsonic speed. They are also 
proportional to p (the air density). 


At transonic and supersonic speeds, the 
forces are still a function of speed and air 
density, but the functional relationships are 
determined by the airframe configuration. 


Whatever these functional relationships are, 
they can be obtained for any flight condition by 
calculation, wind tunnel or actual flight tests. 


This information can be stored in the gain 
changer of the control system. If, as flight con- 
ditions and Kes, change, the gain changer can 
be made to change the flight control system 
gain in an inverse manner, the loop gain of the 
system can be kept constant at a desired value. 
If this constant gain is possible, the missile’s 
response to a given command will be the same 
for all flight control conditions. 

Because of the importance of gain changing 
as speed ranges increase, there have been 
efforts to develop a self-adaptive gain changer 
which would be applicable to any or at least 
to many airframe configurations.?8-3°.36.38 The 
general philosophy of these systems is that 
instead of measuring altitude and velocity, they 
measure the response of the aircraft itself, 
compare the actual response to what the re- 
sponse should be and change the gain in the 
desired direction. 


7-4.5.1 Proportional Systems Versus Off-On 
And/Or Digital Systems 
Only proportional flight control systems have 
been considered in this discussion. This is be- 
cause relatively little has been done in flight 
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control with off-on or bang-bang serwos. (Sev- 
eral problems in optimal control theory lead to 
a bang-bang system. See section 4-15 of ref- 
erence 28.) Also, little has been done in digital 
systems for SAM’s. 


Control requirements are becomimg more 
complex and both range of travel and flight 
times are increasing. Greater speeds amd the 
resulting higher temperatures make hot gas 
servos seem desirable. Hot gas servos will be 
much less complicated and offer less mechani- 
cal trouble in the servo itself, if they are simple 
bang-bang servos. The electronic systerms con- 
trolling such servos may be less complicated 
if digital techniques are used. Also, the problem 
of the self-adaptive gain changer previously 
discussed seems to be more easily solved if tlhe 
digital approach is used. Digital computer solu- 
tion of flight control problems has been retarded 
due to the greater number of electronic com- 
ponents required. The lower reliability result- 
ing from this greater number of components 
has been the main reason for this limitation of 
use. Greater component reliability linked with 
a more complex flight control problem will 
cause an Increase in the use of digital 
equipment. 


7-4.6 COMPONENT CONSIDERATIONS”?.® 


Basic flight control system requirements and 
methods for meeting them have been outlined 
without significant regard for practical con- 
straints. Generally it is desirable that the re- 
quirements be met with a minimum of weight, 
volume, and cost, and high reliability. 


To accomplish these objectives in any parti- 
cular case requires considerable effort and more 
complete definition of the problem than is pro- 
vided here. However, general guides can be 
offered towards meeting these goals. 


Basic sensor characteristics are discussed in 
paragraph 7-6, but detailed data such as weight, 
power requirements, etc. are not included. The 
systems engineer would be wise to leave such 
considerations entirely to component or subsys- 
tem designers or utilize their more current 
knowledge. In such dealings, knowledge of the 
basic characteristics from paragraph 7-6 and 
the broad bounds discussed below will be 
helpful. 
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4.6.1 Signal Requirements 
IPUT 


"I'he input to the control system is in the form 
f a signal from the guidance system. Its 
urpose is to affect a change in the flight of 
he missile. A-c and d-c signals are used and 
»oth have their relative advantages. In pro- 
portional systems a-c signals require less cir- 
cuitry than d-c signals. 


LIMITING 


The input command signal must be limited 
to a given magnitude. If the command signal is 
a rate command, it must not command a turn- 
ing rate faster than the change of flight path 
capabilities of the airframe. 


If the command is an attitude command, the 
magnitude of the signal that can be instantane- 
ously applied must be limited to that allowed by 
the stability characteristics of the airframe. 

In both cases, the limiting can best be done 
in the guidance system. 


Limiting the rate of maneuver by limiting 
the command signal assumes a feedback signal 
that is reasonably proportional to missile 
motion. Limiting can also be accomplished by 
means of non-linear feedback. 


SIGNAL TYPES 


When accuracy and minimum zero drift are 
required, a-c amplifiers are usually used, and 
both input and feedback signals are a-c voltages. 
Direct current signals can be used in these 
cases if a modulator feeds the amplifier input. 
For more relaxed accuracy and drift specifica- 
tions, an all d-c system may be used. 


OUTPUT 


The output of a flight control system is in 
terms of L, M and N (moments or torques 
about the roll, pitch and yaw axes). These 
moments can result from changes in aerodyna- 
mic forces resulting from the deflection of 
control surfaces. They can also result from 
thrust deflection, obtained either by deflection 
of the main thrust jets, by deflection of auxiliary 
jets or by turning fixed auxiliary jets on and off. 

These means of obtaining control moments 
were listed in the descending order of power 
required for the actuator of the control device. 


The operation of a valve control on a stationary 
reaction rocket may take less than one watt. 
It may take several watts to rotate an auxiliary 
jet around its center of gravity, but it may also 
take one or more horsepower to operate aero- 
dynamic control surfaces at supersonic speeds. 


7-4.6.2 Amplifiers 


TUBE AMPLIFIERS 


Tube amplifiers, using regular miniature or 
subminiature tubes, are heavier and larger than 
other amplifiers. The weight per volume is low 
but weight is still greater than other types. 
There are other disadvantages in tube ampli- 
fiers. Due to the necessary high heat dissipation, 
the ambient temperature limit is usually 
71°C with blower circulated cooling air. The 
other environmental difficulties are shock and 
vibration. Shock mounts and vibration isolators 
are necessitated by the internal construction cf 
tubes. Cost is the only criterion in which the 
tube amplifier is competitive, but the high mis- 
sile launching accelerations obviate their use in 
surface-to-air missiles. 


TRANSISTOR AMPLIFIERS 


The smallest, lightest, least expensive and 
most efficient flight control amplifiers available 
can be made with germanium transistors. Tem- 
perature has obstructed their use in military 
aircraft, especially missiles. Their upper limit 
of operation is 55°C and, above the afore- 
mentioned 71°C, they are useless. 

Silicon transistors have all the advantages of 
germanium transistors except low cost. The 
high cost of silicon transistors may decrease 
considerably with improved manufacturing 
methods, and silicon purification. The problem 
of temperature is improved with silicon tran- 
sistors since they are useable to 150°C. 


CERAMIC TUBE AMPLIFIERS 


In recent years extremely rugged ceramic 
vacuum tubes have been developed. They are 
several times bigger than transistors but 
smaller and much more suitable under shock 
and vibration conditions than previous tubes. 
The big advantage of ceramic tubes is their 
high ambient temperature limit. Their long 
time operating temperature range extends to 
400°C. Their ability to operate properly at high 
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temperatures exceeds most of the other circuit 
components. 


EXPERIMENTAL AMPLIFIERS 

The present types of amplifiers first discussed 
are by no means the ultimate in flight control 
amplifiers. Although the experimental types 
presently under consideration (masers and par- 
ametric amplifiers) are not directly applicable 
to flight control, their existance illustrates that 
means of obtaining amplification of an electrical 
signal have not been exhausted. 


MAGNETIC AMPLIFIERS 

Amplifiers which are all magnetic are not 
generally used in flight control systems because 
of their weight. However, when high electrical 
power is needed to drive the actuators, the mag- 
netic output stage often becomes the best solu- 
tion. One of the advantages of the magnetic 
amplifier stage is that it is possible to have 
either an a-c or d-c output. This can be obtained 
with either a-c or d-c input or both. 

The present magnetic amplifier temperature 
limitation is predicated by the temperature limit 
of the silicon diodes used. This diode tempera- 
ture limit is 25°C to 50°C above the silicon 
transistor working limit; that is 175°C to 
200°C. Above 400°C there is irreparable dam- 
age to the magnetic properties of the core 
materials. 

Core stress is another temperature difficulty 
with magnetic amplifiers. This results from 
temperature changes and different coefficients 
of expansion of core materials and potting or 
mounting materials. Mechanical stresses in the 
core materials result in changes of magnetic 
properties of the core. Another problem at 
400°C with any type amplifier is insulation. As 
carrier frequencies are increased, the necessary 
size of magnetic amplifier components de- 
creases. The types of insulation usable at high 
temperatures, especially with small wire used 
for core winding, are extremely limited. 


PACKAGING TECHNIQUES 

Current packaging techniques produce elec- 
tronic equipment that varies from thirty to 
seventy-five pounds per cubic foot. Other com- 
ponents, actuator and sensors, average from 
114 to 2 times as heavy. The miniaturization of 
amplifiers which began with subminiature 
tubes, printed wire boards and transistors, is 
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being carried to the extent of depositimg: point 
transistors, resistors and other components on 
glass or ceramics. This is termed mécr-omint- 
aturization. One hundred to three hundred com- 
ponents to the cubic inch is obtainable. This 
type of amplifier is still limited by the termpera- 
ture limitations of the transistors used. A com- 
bination of the depositing technique with the 
use of ceramic tubes and high temperature 
magnetic amplifiers is possible. 

The assembly technique that is most ad- 
vantageous from the standpoint of temperature, 
size, weight, vibration, shock and long shelf 
life, is that of welding the components together 
instead of soldering them. In this procedure no 
support is used except that of the intercon nect- 
ing wire, but, after being assembled in small 
throw-away modules, each module is potted in 
high temperature plastic. This is a much more 
difficult process to do either by hand or auto- 
mation than printed wire dip soldering but it 
can be automated. 


7-4.6.3 References — Sensors 


The sensors that are normally included in a 
surface-to-air missile flight control system have 
already been named. They are vertical or free 
gyros, rate gyros, angular and linear accel- 
erometers and in rare cases, stable platforms. 

Choice of sensors for a given missile con- 
sidering sensor range, accuracy, signal thresh- 
olds, saturation, etc., will depend upon missile 
characteristics, type of guidance, mission, and 
the type and characteristics of the target. 

A drift of one degree in the attitude reference 
during the powered flight of a 5000-mile ICBM 
would result in a target error approaching 100 
miles. The same one-degree drift during the 
flight of a surface-to-air missile would cause 
negligible error in its miss distance. This differ- 
ence in accuracy is due to the SAM being con- 
trolled by a closed loop guidance system during 
the entire flight. Any slow drifts in attitude 
reference can be compensated for in the guid- 
ance system. In command guidance the missile 
components should be as light and inexpensive 
as is possible to control the missile dynamically 
while inherent errors can be corrected by the 
guidance system. Increases in weight, com- 
plexity, and cost of the guidance system are of 
lesser importance since the major portion is on 
the ground. In homing guidance systems, this is 


10€ the case, since the guidance system is also 
m the missile. 


7 —%.6.4 Actuators 


The choice of actuators will depend on many 
things: the size, design and speed of the missile 
which will determine the hinge moments; the 
scuidance philosophy which will determine the 
mecessary response; and the type of available 
power supplies (including the weight and vol- 

ume) that can be allotted. 


For low horsepower actuation (small fraction 
of a horsepower) either two phase electric 
servo motors or small d-c motors are the simpler 
types of actuators for proportional systems. 
Also, single speed motors with two-way gear 
trains and differential] clutches have been used. 
As power requirements increase with missile 
size, speed and maneuverability requirements, 
hydraulic systems are more feasible. 


The most serious aspect of control actuators 
is that of supplying the power for them. In the 
case of electromechanical actuators, the pri- 
mary power source will be either a battery or 
generator run by an auxiliary power unit 
(APU). (See Chapter 12, ‘Power Sources,” for 
more detail.) Since one of these power sources 
is needed for the amplifier, there is no addition 
except in size. However, as more power is 
required, both power sources and motors be- 
come too heavy for practical use in the missile. 
In the case of a hydraulic system there are 
several means of supplying power. 

(a) When a relatively short flight is con- 
sidered, the use of a hydraulic reservoir 
pressurized by gas stored at several 
thousand psi is the cheapest and most 
practical way. The hydraulic fluid is 
dumped overboard as it is used. 
Another fluid jettisoning system re- 
ceives its pressurization from tapping 
the combustion chamber of the missile 
or from a small separate combustion 
chamber (APU). 


(c) As length of flight increases, or if actu- 
ator power and duty cycle increases, or 
both, it is more expensive, but better 
from the weight aspect, to reduce the 
stored fluid, increase the size of the 
APU driving the electrical generator, 
and drive a hydraulic pump as well. The 
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hydraulic system becomes a closed sys- 
tem with the fluid recirculating rather 
than being jettisoned. 

The problems connected with hydraulic sys- 
tems are breakage of hydraulic lines, excessive 
leakage and temperature. The solution of the 
excessive leakage problem necessitates close 
machining tolerances which mean greater ex- 
pense. The breakage of hydraulic lines results 
from vibration or from excessive hydraulic 
pressure. The temperature problem results from 
high ambient temperatures, the location of 
actuators close to the heat of the propulsion 
nozzles, and the heat generated in the hydraulic 
pump. 

The temperature problem may be broken 
down into three problems: decomposition of 
hydraulic fluid, reduction of lubrication pro- 
perties of the fluid, and damage to insulation 
of the electrical circuitry of the control solenoid. 

The temperature limits for long time use cf 
hydraulic fluids are shown in Table 7-7. 


TABLE 7-7. THERMAL LIMITATION OF 
HYDRAULIC FLUIDS 


Temperature Point 
(°C) 


Petroleum Base 





125-150 









Silicates 200 





Silicone Oils 300 


7-4.6.5 Environmental Considerations 
TEMPERATURE 


For surface-to-air missiles the temperature 


problem is not as great as for other missiles 
with greater range at supersonic speeds or for 
modern air launched missiles which must be 
launched from supersonic carriers. 


The components which are deemed most sus- 


ceptible to damage from temperature are the 
gyros. 


If time of flight is such that a significant 


temperature problem exists, gyros and other 
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components with low temperature limitations 
must be insulated or refrigerated or both. 


HUMIDITY 

The real criterion for design of humidity 
proof surface-to-air missiles is the storage re- 
quirement. Shelf storage for as much as five 
years necessitates hermetical seals or potting 
or both. 


RELIABILITY 

Because the missile is not recoverable, low 
cost has been and should be stressed when con- 
sidering flight control or any other part of the 
missile. Reliability of systems and individual 
components should be stressed even more. It is 
better that a flight control system cost $20,000 
and operate successfully 95 percent of the time 
than cost $5000 and operate successfully 60 
percent of the time. When choosing components 
it is well to remember that the failure of a 25- 
cent resistor can result in the loss of thousands 
of dollars. 


7-5 KINEMATICS 


7-5.1 GENERAL 

The basic kinematical relationships for each of 
several guidance modes were presented in para- 
graph 7-2. The extension of those definitions to 
three dimensions is important for both design 
and evaluation purposes, but guidance and con- 
trol preliminary design usually is accomplished 
with two dimensional models. 

There are several reasons for this apparently 

unscientific, incomplete, approach: 

(a) Three dimensional equations are too 
complicated to yield to preliminary syn- 
thesis and design tools. 

(b) Many of the equipment parameters that 
are needed to reasonably characterize 
three dimensional performance (and 
subsequently design decoupling and com- 
pensation filters) are unknown during 
preliminary design. 

(c) To a first approximation, separate two 
dimensional models will adequately rep- 
resent the three dimensional situation. 

Although the above may appear to be begging 

the question, the two dimensional approach is 
in keeping with the desire to develop simple 
flexible models which are useful in the larger, 
more complex, weapon system problem. With 
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the development of more powerful synthesis 
techniques may come the capability to charac- 
terize the general three dimensional situatiom in 
such a way that the results can be intelligremntly 
employed in preliminary design. For these pur- 
poses, as well as for evaluation, references 6, 
7, 16, 19, 32, 40 and 41 may prove useful. 

Regardless of the level of complexity at w hich 
one attempts to describe the guidance kinermat-— 
ics, it should be recognized that geometry feed- 
back is the essence of guidance problems for 1t 
determines the basic sensor requirements given 
in paragraph 7-2.7. 


7-6 SENSORS 
7-6.1 GENERAL 

The sensors needed in a guidance and control 
system may be generally divided into two func- 
tional classes — primary and secondary. 

Primary sensors are used here according to 
Figure 7-18; that is, a primary sensor performs 
the function of detecting pertinent target in- 
formation for the primary guidance loop. Secz- 
ondary sensors are those associated with sub- 
sidiary control loops within the primary guid- 
ance loop. These include the attitude and rate 
gyros employed in the autopilot as well as ac- 
celerometers, etc. 

Most primary sensors are based on devices 
that utilize high frequency radiation to detect 
target behavior and provide guidance error sig- 
nals while secondary sensors operate at much 
lower frequencies. This is illustrated in Figure 
7-34, which shows the potential source of all 
sensors. 

In the following sections, means for achieving 
sensing are discussed in the context of guidance 
phases. The information needed for control (if 
any) during the launch phase is generally avail- 
able from those devices considered under mid- 
course guidance in the next paragraph. The 
same applies to secondary sensors. 


7-6.2 MIDCOURSE GUIDANCE SENSORS 


7-6.2.1 Basic Measurements 

It is necessary to know both target and mis- 
sile locations. The measurements needed to de- 
termine target position are range, azimuth, and 
elevation. The same information plus attitude 
angle is needed for the missile. Radar can pro- 
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Figure 7-34. Sensor Operating Frequencies 


vide position measurements. (See Chapter 6, 


**Fire Direction and Coordination.”) Attitude 


measurements are made by on-board inertial 
devices. 


7-6.2.2 Radar‘? 


The radar guidance problem was _ stated 
briefly in paragraph 6-1.6 of Chapter 6 from 
the point of view of Fire Direction and Coordin- 
ation. Subsequent sections in Chapter 6 are use- 
ful in the design of airborne radar also. Thus, 
most of the following may be considered as an 
expansion, or restatement, of pertinent sections 


from Chapter 6 to include the guidance view- 
point. 


BEACONS 


Tracking the missile and sending commands 
to it increases the complexity of the radar. The 
ground radar must contain coding circuits to 
provide guidance commands during the mid- 
course phase. This is accomplished by means of 
a beacon in the missile; that is, a device that 
will transmit a signal when triggered on com- 
mand from the ground radar. The radar inter- 
rogates or triggers, and the beacon replies by 
sending out a signal that is received by the 
radar. A block diagram of such a system is 
shown in Figure 7-35. 


It was shown in the radar range equation in 
Chapter 6 that the required radar power varies 
inversely as the fourth power of free-space 
range. The beacon power varies only as the in- 
verse square of range since one-way transmis- 
sions are involved. The power received by the 
beacon is given as 


Pr (Gr) max (Gr) max Ar? 
16x? RR; 


Prk (7-81) 


where 


Prmax—= Maximum value of available peak 
power received by the beacon 


P, = peak value of power transmitted by 
the radar 

Gr = maximum value of the gain of the 
transmitting antenna (radar) 

Gre = maximum value of gain of receiving 
antenna (beacon) 

Ar = transmitted wavelength 

R, = range between radar and beacon 


Letting Pr-» represent the peak value of 
available received power necessary to fire the 
beacon, and Rr,p the corresponding range, and 
rearranging equation 7-81 gives 


aie 
R 
= 4ntPr-v 


If the beacon is at a range greater than that 
given by equation 7-82 it will not be triggered. 
For the beacon transmitter, the range of reply 
is given by 
da [Pre 
An P RB 
where 

subscript B denotes beacon to radar 


Pre = Peak available received power required 


to give beacon signal on indicator of 
radar. 





(Gr) max (Gr) max | " (7-82) 


R;= 


(Gr) max (Grr) max * (7-83) 


In designing a beacon radar system, it is 
desirable to have Rar = Rrr; however, Rar 
should be slightly larger than Rr, so that the 
radar operator may recognize the beacon re- 
turn. 

In Figure 7-35 a decoder is shown after the 
beacon receiver. (See paragraph 6-5.4.3 in Chap- 
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Figure 7-35. Beacon Radar System, Block Diagram 


ter 6 for an example.) This decoder is used to 
insure recognition of the beacon and to maintain 
a secure communication link. 

In command systems where the radar not only 
tracks the beacon but also sends commands, the 
beacon decoder can also feed the commands to 
the guidance system. The commands may be 
coded by frequency modulation of the pulse 
repetition frequency (prf) or by position modu- 
lation of the pulses. 

The schemes for coding of commands are 
many; however, only one method will be de- 
scribed. In this system, a group of five pulses 
constitutes a command group. Two pulses are 
identifying pulses while the other three pulses 
contain roll, pitch, and yaw information. Figure 
7-36(a) shows the five pulses. With no com- 
mands being transmitted, the pulses are spaced 
at 60 psec intervals. 

The first two pulses unlock the receiver. The 
receiver is designed such that a particular un- 
locking code can be set in prior to firing. The 
next three pulses transmit roll, pitch and yaw 
information in that order. By varying the pulse 
position in time, a command proportional to the 
pulse time position is obtained. 
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To illustrate the foregoing, consider Figure 
7-36(b). Here the receiver is set to unlock with 
a 50 psec spacing between the first two pulses. 
No roll command is sent; therefore, the position 
of the roll pulse is unchanged. Pitch and yaw 
commands are being sent; therefore, the pulses 
are displaced. 

In order to reduce the effects of counter- 
measures, coding becomes quite intricate adding 
complexity to the radar. The disadvantages of 
using a system that requires coding during mid- 
course guidance must be weighed against the 
flexibility gained by the use of such a system. 


DOPPLER DEVICES 
Doppler radar systems make use of the fre- 
quency shift of a returned signal due to the 
relative motion between the target and the 
radar. Devices of this type have an important 
application in surface-to-air missiles, since they 
possess the capability of discriminating between 
a moving target and ground returns on a fre- 
quency basis. 
The Doppler frequency is given by: 
_2(Vy4+Vr) _oV,r 
feat et 


1-84 
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where 
V, = relative target velocity 


Vy = the missile velocity component in the 
direction of the target 


V, =the target velocity component in the 
direction of the missile 


= the transmitted wavelength. 

In addition to a target return, ground clutter 
is received from all angles due to the sidelobes 
of the antenna. A typical frequency spectrum of 
the received energy is shown in Figure 17-37. 

For a pulse Doppler system, side lobes will 
exist at multiples of the pulse repetition rate. 
Therefore, the pulse repetition frequency (fx) 
must be selected such that, 


fr= 2 (Vu — Vr max) 


to prevent the target Doppler from appearing in 
the upper side lobe clutter. 

A typical Doppler radar block diagram is 
shown in Figure 7-38. The received signal is 
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Figure 7-36. Command Coding Scheme 


mixed in a coherent detector and passed on to 
the receiver, range gate, and the velocity filter. 
The velocity filter selects the Doppler spectral 
line of interest for control purposes. The ampli- 
tude modulation (at the scan frequency) is ex- 
tracted in the scan filter, compared with the 
antenna scan frequency and quadrature error 
voltages are derived. These error voltages are 
used in the control system to produce corrections 
in the missile flight path. 

Doppler radar for midcourse guidance may be 
one of several forms: 


(a) active —-CW Doppler 

(b) active — pulse Doppler 

(c) semi-active — CW Doppler 

(d) semi-active — pulse Doppler 
The operation of each type is fundamentally the 
same. The difference is in the way the equipment 
is employed. In the active system, all the radar 


equipment necessary for guidance is located in 
the missile. In the semi-active system, the tar- 
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Figure 7-37. Typical Doppler Frequency Spectrum 
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Figure 7-38. Typical Doppler Radar, Block Diagram 
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2t is illuminated from a ground based trans- 
1itter. The missile-borne receiver, in all forms, 
©erives guidance commands by processing the 
arget reflections. For range capability analysis 
ee the cross references in paragraph 7-7 and 
-e ferences 42-45. For semi-active applications, 
camge product (the product of illuminator-to- 
target distance and target-to-receiver distance) 
must be used. 

BEAM RIDER AND COMMAND‘® 

For each of these modes the primary sensors 

are ground based. The major airborne equip- 
ment is a beacon (Figure 7-35) to accept and 
process transmitted error signals. 


7-6.2.3 Inertial 

The inertial devices in a missile can range 
from a simple gyro to a complete inertial plat- 
form to maintain a fixed reference in space. 
‘They are used for measuring: 

(a) motion of the missile with respect to its 

own center of gravity 

(b) motion of the missile center of gravity 

along the flight path 
The first category defines the attitude of the 
missile. The second category defines missile 
location with respect to the Jaunch point. 

Roll, pitch and yaw positions and rate infor- 
mation are necessary to stabilize the missile. The 
position measurement provides an error from 
the desired attitude. The rate measurement can 
be utilized to damp out unwanted oscillations or 
can provide damping to prevent overshoot dur- 
ing attitude correction. 


It is not necessary that both free and rate 
gyros be used together to obtain the required 
information. The guidance scheme is the de- 
termining factor. It may be possible that rate 
gyros combined with accelerometer signals can 
provide sufficient stabilization. In another guid- 
ance scheme, free gyros and a differentiating 
circuit to obtain rate information may be re- 
quired. 


Missile trajectory or path movement measure- 
ments can be more complex than attitude meas- 
urements. For trajectory measurement, there 
may not be a convenient reference or the refer- 


=p nm 


ence may not be accurate enough to provide re- 
quired overall system accuracy. 


One way to sense movement along a path is 
to take advantage of the basic laws of motion, 
or simply that distance zx, can be expressed as 


“= f vdt where v is instantaneous velocity. 


Since v = f adt, a being acceleration, distance 


can be calculated by measuring acceleration. 


In missiles with a short time of flight (1-3 
minutes) it is possible to attain attitude stabili- 
zation by using gyros and orienting three accel- 
erometers to measure longitudinal, lateral, and 
transverse accelerations. 


For missiles with longer flight times, gyro 
stabilization in itself does not provide the neces- 
sary accuracy and therefore more refined means 
for a stable reference are required. A gyro 
stabilized platform, which holds its orientation 
in space, provides a stable reference for the 
mounting of accelerometers. With the three 
orthogonal components of acceleration meas- 
ured, the complete movement of the missile can 
be computed. 


Measurement of the trajectory may also be 
accomplished by automating the celestial navi- 
gation that has been used for many years by 
ships. This type of guidance requires a stable 
platform, or similar fixed reference, and a star 
tracking telescope to determine the angular po- 
sition of a star with respect to the platform. 
This information is then used to correct the 
drift in the platform. 


GYROSCOPES‘*’ 


The gyroscope is a spinning rotor supported 
in a gimbal] system such that the spin axis has 
one or two degrees of freedom. Various sensing 
and control elements are attached to the frame- 
work to utilize the gyro for missile application. 

Gyros serve as useful generators of intelli- 
gence because their behavior is referred to in- 
ertial space. The basic parts of a gyro are: 

(a) a rotor and a device to drive it 
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(b) a gimbal system 

(c) a pickoff 

Other components are added depending upon 
the purpose and complexity of the gyro’s in- 
tended use. 

The vector equation describing the behavior 
of the gyro is: 


where 


(7-86) 


M = applied torque 


Q = absolute precessional angular velocity 
of the spin axis 


H = rotor angular momentum 


Figure 7-39 shows the relationship of the 
vectors. 

This equation states that an applied torque M 
which tends to change the direction of the ang- 
ular momentum vector H will cause the angular 
momentum vector to precess around an axis at 
right angles to the torque vector and the mo- 
mentum vector. The precession is always in such 
a direction as to align the rotor rotation direc- 
tion with the rotation of the applied torque. 
This means that a torque input will result in 
an angular velocity output and vice versa. 

For all types of gyros, the environmental re- 
quirements are of utmost importance. Unless 
the environment is specified, the other param- 
eters may be misleading. It is relatively simple 
for gyros to achieve very low drift rates under 
controlled laboratory conditions. In a more se- 
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Figure 7-39. Gyro Vector Relationship 
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vere environment, the results may be somewhat 
different. 

Temperature, shock, acceleration, and wvibra- 
tion are the important environmental character- 
istics. Most military equipment must perform 
adequately between —65°F and 170°F.. The 
shock, acceleration, and vibration requirements 
depend upon the application. Some applications 
require withstanding shock up to 100 g’s while 
others require only two or three g’s. 

A discussion of the basic gyro types and their 
individual parameters follows. 


FREE GYRO (FIGURE 7-40) 


A gyro with two degrees of freedom is termed 
a free gyro. The outer gimbal has 360° of free- 
dom while the inner gimbal is usually limited to 
+85° of freedom. This is to prevent gimbal lock 
which occurs at 90° inner axis displacement. 

Free gyros are mechanically caged with the 
gyro case being used as a reference. Caging and 
uncaging is accomplished by remote control with 
indicator switches provided to indicate the caged 
or uncaged condition. 

The signal from a free gyro is a voltage pro- 
portional to displacement with respect to the 
reference. By feeding the signal to an autopilot, 
corrections can be applied to the control sur- 
faces of a missile to keep it stabilized in the 
correct attitude. 

Some of the more important free gyro param- 
eters are: 


(a) Drift — This is defined as the undesired 
shift of the spin axis due to gimbal bear- 
ing friction and should be as low as 
possible. Total drift rates for free gyros 
are presently about 0.5° per minute with 
the state-of-the-art reducing this toward 
0.2° per minute. 

(b) Output Non-Linearity — This is the max- 
imum deviation of the input-output curve 
from a straight line and can presently be 
kept to + one percent full scale. 

(c) Run-up Time — This is a function of the 
wheel size and type of power available. 
The time should be low in order to pro- 
vide fast missile reaction time. 

(d) Caging Mechanism — The device to ori- 
ent the gimbals should cage them quickly 
and contribute little to uncaging de- 
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Figure 7-40. Free Gyro with Two Pickoffs 





flection. This deflection upon uncaging vent the missile from overshooting during a 


should be kept as low as 0.05°. turn. 
RATE GYRO Parameters which must be considered for all 
Gyros with one degree of freedom are called ‘ate gyros are: 
rate gyros and serve to dampen the turning of a (a) Resolution — This is the smallest change 
missile. Rate signals are compared with acceler- of input angular velocity discernible as a 
ometer signals and corrections are continuously meaningful change of gyro output signal. 
applied to the control surfaces in order to pre- Rate gyros with a maximum input of 10° 
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per second can attain 0.004° per second 
resolution while gyros with up to 400° 
per second usually attain a resolution of 
0.02° per second. 
(b) Noise Level — The noise level can be kept 
to as low as + 14 percent full scale with 
a-c pickoffs. This value is harder to hold 
with d-c pickoffs during environmental 
tests. 
(c) Damping Factor — The ratio of the ac- 
tual damping to the critical damping at 
any given temperature defines the damp- 
ing factor and should be from 0.5 to 0.8 
critical. 
Natural Frequency — This is the dom- 
inant resonant mode of the gyro. It 
should be much higher than the rota- 
tional frequencies experienced by the 
missile in order to prevent resonance of 
the gyro. 

(e) Null — Theoretically, the output signal 
for zero rate input should be zero. Due to 
inaccuracies in the pickoff, a null signal 
will occur. It depends upon the type of 
pickoff but should be kept very low. 

For SAM application, two types of rate gyros 

are discussed. 

(a) Spring Restrained Gyro (Figure 7-41) 
Springs are attached to the gimbal to 
cause the gimbal displacement to be pro- 
portional to the input rate rather than 
the input torque. 

(b) Floated Rate Integrating Gyro (Figure 
7-42) 

In this single degree of freedom gyro, viscous 

restraint on the gimbal converts the input turn- 
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Figure 7-41. Spring Restrained Rate Gyro 
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ing rate into a torque which is time integrated 
into a gimbal displacement. Therefore, the out- 
put gimbal displacement is proportional to the 
integral of the input rate. The fluid for restraint 
also serves to float the gyro gimbal which re- 
duces bearing loading. Reduced loading means 
lower bearing friction which reduces the drift 
rate. 
Some of the prime considerations inrate inte- 

grating gyro applications are: | 


(a) Drift — Due to the low bearing friction 
resulting from gimbal floatation, the drift 
of rate integrating gyros is an order of 
magnitude lower than that of free -yros. 
A total drift as low as 1° per hour is at- 
tainable. 

(b) Warm-up Time — This is the time re- 
quired to bring the gyro up to operating 
temperature. It can vary depending upon 
whether heaters are used. Although the 
gyro will function, its operation will be 
sluggish if the fluid has not reached the 
proper temperature. 

(c) Torquer Linearity — This is similar to 
the signal generator linearity. Since the 
torquer applies a restoring torque to the 

gyro, the signal should be proportional to | 
the torque required. 

(d) Output Linearity —Same as for a free 
gyro. 

(e) Characteristic Time Constant — Since 
these gyros are used as part of a closed 
loop servo, the time constant should be 
specified. Response times of two to five 
milliseconds are considered adequate and 
most manufacturers have no trouble 
achieving this. 


The parameters given for the various gyros 
are the most important ones. Figure 7-43 gives 
an example of specifying requirements for a rate 
gyro. The characteristics shown are typical but 
do not represent state-of-the-art limitations. 
(Figure 7-43 also shows a cut-away of the gyro.) 


ACCELEROMETERS 

Accelerometers may be of the gyro type or 
seismic type. The gyro can be used as an accel- 
erometer by attaching a mass to the inner gim- 
bal as shown in Figure 7-44. Under an accelera- 
tion, a, the mass will exert a force F = ma will 
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Figure 7-42. Floated Rate Integrating Gyro 


be exerted on the weight. This results in a mo- 
ment about the inner gimbal axis which tends to 
change the momentum vector, H. Since the mo- 
mentum vector resists a change in direction, the 
gyro precesses about the outer gimbal axis. The 
rate of precession is proportional to the acceler- 
ation input, and the angle of precession is pro- 
portional to the integral of the acceleration or 
velocity. Used in this manner, electrical pick- 


offs can give either acceleration or velocity data 
to the control system. 


The seismic accelerometer, as shown in Figure 
7-45, consists of a mass, spring, a means of 
damping, a movement reference and a support- 
ing case. Under an external acceleration the 
summation of forces yields 


mz + cx + kx = — ma (7-87) 
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Redstone Arsenal Standard Rate Gyro* 

Weight -- 2-1/2 lbs. max. 

Size -- 3" x 3" x 6-1/2" max. rectangular space allotted 
Gimbal Freedom -- +3° max. 


Gyro Motor 
400 cps, 3 phase, 115V power 
10.5 watts max., starting power 
5.5 watts max., running power 
1 minute max., run up time 


Signal Generator 
Output -- 10V + 10% for max. rate 
e Signal rtional to angular rate within: 
cay 3% of max. output, up to 15% of max. rate 
(2) + 10% of max. output, over 15% of max. rate 
Resolution 0.5% of max. rate 
Zero rate voltage -- 0.075V 


Range 
Type 45 -- 0° to 45° per sec. 
Type 770 -- 0° to 770° per sec. 


Natural Frequency 
Type 45 -- not below 10 cps 
Type 770 -- between 30 and 60 cps 


Damping 
0.5 to 0.8 critical 


Life 
100 hrs. accumulated running time (duty cycle - 15 min. 
on and 30 min. off) 


Environmental Requirements 
Acceleration -- 40g each axis 
Shock -- 60g, 11 millisec.each axis 
Vibration -- 5-19 cps at 1.0" double amplitude 
20-2000 cps at 12g 
16g for 1 minute at resonant frequency 


*This gyro was conceived by Redstone Arsenal as one which could fit a 
number of U.S. Army missiles with little or no no modification. Its purpose 
was not to provide a standard design to replace all gyros. 
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Figure 7-43. Typical Gyro Configuration with Requirements 
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Figure 7-44. Gyro Accelerometer 


where 
a = external acceleration 


x — deflection of mass measured from zero 
acceleration reference 


m— mass 
c =damping coefficient 


k = spring constant 


The minus sign denotes that the deflection of 
the mass is opposite in direction to the accelera- 
tion. 


. C e e 
Letting § — ——- — damping ratio 
g 2/ im ping 





_ damping coefficient 
~ eritical damping coefficient 


Wn = Vx = natural frequency 
m 


7-55 








BASE 


CENTERING FORCE 
(POSSIBLY A SPRING) 


al 


SENSITIVE AXIS 


INERTIAL MASS 


MOVEMENT REFERENCE 


Figure 7-45. Seismic Accelerometer 


Then it can be shown that in steady state, the 
response to a constant acceleration, a, is 


pa ® (7-88) 


Wn 





Hence the deflection of the mass is inversely 
proportional to the square of natural frequency. 
This requires low natural frequencies (large 
masses or soft springs) in order to obtain large 
deflections. 


In the design of this type of device the follow- 

ing factors are important: 

(a) The friction, opposing movement of the 
mass, cannot be exactly zero. The friction 
therefore must be made as consistent as 
possible so that its effect upon the dis- 
placement can be accounted for in cali- 
bration. 

(b) The centering force which is generally 
provided by a spring must also be precise 
and its characteristics well-known. It is 
often desirable to have the relationship 
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(c) 


(d) 


between the force and the displacement 
of the spring as linear as possible. This 
requirement may call for using the spring 
over a small range of its possible travel 
accomplished by the use of limit stops to 
restrict movement to this small incre- 
ment). 

The electrical pick-off of the accelerom- 
eter, especially if small accelerations are 
to be measured, must add very little fric- 
tion to the device. Just as in the case of 
the gyro, the electrical devices must not 
destroy the mechanical precision of the 
instrument. 


Damping of the accelerometer movement 
is also a problem. Since the seismic accel- 
erometer has all the requirements for 
mechanical resonance, it is entirely pos- 
sible that vibration environment of the 
missile could make the device worthless. 
For this reason, damping is used to elim- 
inate vibration disturbances. Since the 


viscosity of the fluid must be controlled 
to maintain uniform damping, this adds 
a constant temperature requirement to 
the use of the accelerometer. 


y picking suitable values for the mass, 
ng constant, viscosity of damping, and fric- 
_ forces, this type of accelerometer can be 
je very sensitive to small accelerations. Un- 
tunately, as the sensitivity to minute acceler- 
ons goes up, so does the sensitivity to vibra- 
n disturbances. This vibration sensitivity and 
ssible resulting resonance tends to limit the 
e of this type accelerometer. 


‘ABILIZED PLATFORMS 

The stabilized platform is a platform sup- 
orted so as to retain its orientation with re- 
pect to space. In general, stabilization of the 
djlatform requires three gyroscopes mounted on 
it so that roll, pitch and yaw movements will be 
detected by a respective gyro. The electrical out- 
puts of the gyros, which will signal any change 


in attitude, are used (through amplifiers) to 
drive the table back to its original position. 

Thus, a table or platform, as shown in Figure 
7-46, can be maintained at a constant spatial at- 
titude by means of the torque motors driving 
about the gimbal pivots. 

One advantage of this arrangement is that the 
sensing gyros move slightly about their gimbals 
before the table is driven in a manner to return 
the gyro to its original position. This restricts 
the movement of the gyro gimbals to a small 
angular motion. Thus, the gyro designer is faced 
with making a near perfect bearing for move- 
ment over a small angle instead of an entire 
360° rotation. 

Another advantage of the stabilized platform 
is the rigid surface it offers for the mounting of 
other guidance devices. Thus, with a stable table 
it is a simple matter to establish an inertial or 
spatial coordinate system for the acceleromet- 
ers. If a missile trajectory requires unlimited 
angular movement of the missile, the stabilized 
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Figure 7-46. Stabilized Platform 
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platform must be mounted with a system of four 
gimbals and receive its electrical power through 
slip rings. If this is not the case, however, and 
the trajectory can be restricted, then three gim- 
bals and flexible cables can be used. 


The major disadvantages of stabilized plat- 
forms are their size, weight and power require- 
ments. In addition to amplifiers, torque motors, 
sensing gyros and a gimbal system, they must 
have enough area to mount motion measuring 
devices, thus tending to be much larger and 
heavier than an airframe mounted measuring 
system. 


A typical application for the stable platform 
in SAM systems is as a coordinate converter and 
inertial reference. In this scheme the platform 
can be used in conjunction with a command 
guidance system for midcourse guidance and a 
seeker for terminal homing. The purpose of the 
platform would be to: 
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(a) resolve commands from ground coordi- 
nate system to missile coordinate system 
(b) resolve commands to position seker head 
(c) provide stable reference for mounting of 
sensors 
Figure 7-47 shows a block diagram of platform 
utilization. 


7-6.2.4 Celestial 

Star trackers have an automatic telescope 
which can optically track a given star or planet. 
This telescope must be able to differentiate be- 
tween the correct star and all others in or near 
its field of vision and track the star with a high 
degree of precision in angular position. Also the 
missile must contain an accurate time clock for 
the missile computer. An accurate spatial refer- 
ence, which can be referrred to the earth must 
exist. The celestial system must be able to 
search and re-acquire a star should the tracking 
temporarily fail. 
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Figure 7-47. Typical Command Guidance Stable Platform, Block Diagram 
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If the above factors exist, it is possible, by 
conventional calculations, to determine the posi- 
tion of the missile relative to the earth from 
star positions. 


With these requirements a device similar to 
the stabilized platform is necessary as a mount- 
img device for the telescopes in order to preserve 


an attitude reference which can be referenced 
to the earth. 


7-6.3 TERMINAL GUIDANCE SENSORS 


In addition to the sensors needed for flight 
control, target sensing must also be provided. 
This can be obtained by radar, radio trans- 
mission, infrared, ultraviolet, or visible light. 
Sound is a distinguishing target characteristic; 
however, its propagation is slow when dealing 
with supersonic targets. 

Regardless of the frequency utilized, the 
guidance mode dictates that the sensor must be 
fixed to the airframe or that it must be free 
to move independently. In the latter case both 
tracking and stabilization loops must be em- 
ployed. The stabilization problem usually re- 
ceives attention from the sensor designer so 
that in initial guidance studies only the track- 
ing characteristics need be considered. 

Also, much of the material presented in para- 
graph 7-7 for radar seekers and infrared 
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seekers is applicable to any sensor. This is 
particularly true of the material on acquisition 
and tracking. 


7-6.3.1 Radar 

When employing radar in the terminal guid- 
ance phase, the tactical situation, number of 
targets, target characteristics, noise, missile 
attitude, and equipment complexity determine 
the system selection. 
ACTIVE RADAR 

In an active radar system, the transmitter 
and receiver are contained within the missile. 
A generalized block diagram of an active sys- 
tem is shown in Figure 7-48. The transmitter 
generates the signal and feeds it through the 
duplexer to the antenna. The echo is received 
by the antenna and passed through the duplexer 
microwave receiver, i-f amplifier and detector 
to the speed and range gate. From the speed 
gate, angle signals are derived to drive the 
antenna servos to follow the target. The range 
signal is fed back to the i-f amplifier to keep 
the echo centered in the range gate. 
SEMI-ACTIVE RADAR 

The semi-active radar system consists of a 
receiver in the missile and a transmitter located 
on the ground. The transmitter, referred to as 
the illuminator, sends out electromagnetic 





Figure 7-48. Active Seeker, Block Diagram 
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energy. This energy, reflected from the target, 
is picked up by the missile receiver. The 
receiver then locks on to this energy and causes 
the missile to home in on the target. The 
illuminator also transmits a synchronizing sig- 
nal to a rearward-looking antenna. The purpose 
of this signal is to synchronize the missile 
guidance system with the illuminator. This 
makes it possible for the missile to measure 
range, range rate, or Doppler. 


A generalized block diagram of a continuous 
wave semi-active seeker is shown in Figure 
7-49. It operates in the following manner. 
Reflections from the target are received in the 
missile through the forward-looking antenna 
while the reference signal from the illuminator 
is received through the rearward-looking an- 
tenna. The rear signal is heterodyned with the 
local oscillator, amplified in the rear i-f ampli- 
fier and serves as a reference for coherent 
Doppler detection. 

The forward-looking antenna receives the 
energy reflected from the target in the form 
of a Doppler shift signal. (The local oscillator 
is tuned to the illuminator frequency.) The 
target signal is heterodyned in the mixer to 
a lower frequency by the local oscillator. The 
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signal is then amplified and heterodyned with ° 
the reference signal from the rear antenna. The 
Doppler amplifier further amplifies the signal. 
The speed gate then locks on to coherent signals 
within the Doppler spectrum. The signal is then 
resolved into pitch and yaw components by 
phase comparison with the scan reference 
signal. Voltages are then generated to steer the 
missile. 

The semi-active seeker has the advantage 
over the active seeker of greater range. ‘The 
missile also has less on-board equipment when 
the semi-active seeker is used since the trans- 
mitter is ground based. 


PASSIVE RADAR 


Passive radar seekers utilize electromagnetic 
energy from the target to provide homing sig- 
nals. This electromagnetic energy may come 
from: 


(a) radar transmitters 

(b) radio transmitters 

(c) electronic countermeasures equipment 
The passive seeker is thought of as a device 


which homes on electromagnetic energy rather 
than strictly radar signals. 
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Figure 7-49. Continuous Wave Semi-Active Seeker, Block Diagram 
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Since the target will not intentionally provide 

n electromagnetic signal on which a missile 
ould home, it might appear that in the SAM 
ole there would be no requirement for a passive 
eeker missile. Such is not the case since the 
rreatest application of this type of guidance 
is in conjunction with another system (com- 
mand, active seeker, etc.). In this mode the 
passive seeker is used to home on jamming 
signals; thus when the primary guidance mode 
is jammed, the passive system can take over 
to continue guiding the missile. 

The dotted line in Figure 7-48 illustrates a 
passive circuit used in conjunction with an 
active seeker. In the event of jamming, an 
angle tracking signal is obtained from the 
jammer noise signal in the i-f amplifier prior 
to the gates. This signal is fed to the antenna 
servo in place of the usual angle tracking 
signal. Rate signals from the gyros which 
measure the antenna tracking rate are fed to 
the steering controls. 


GENERAL COMPARISON 


The overall characteristics of radar systems 
are summarized in Table 7-8. 
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7-6.3.2 Iinfrared‘***® 


Infrared is an electromagnetic radiation 
whose frequency ranges from approximately 
one million to 100 million megacycles and falls 
between the visible and microwave regions as 
shown in the spectrum chart of Figure 7-50. 
Optical systems used to collect visible light are 
used to collect infrared radiation, although the 
optical elements themselves may be opaque to 
visible light. Infrared radiation should not be 
confused with heat waves which are due to 
thermal convection or conduction through a 
medium. Any object above absolute zero 
(—273°C) will radiate energy at all wave- 
lengths due to molecular thermal action within 
the body. The term radiation refers to the con- 
tinual emission of energy from the surface of 
a body and is in the form of electromagnetic 
waves identical to radio and light waves but 
differing in wavelength. These waves are pro- 
pagated at the speed of light through a vacuum 
as well as air. 


When radiant energy falls upon another 
body, some of the energy will be absorbed and 
converted to heat. The radiant energy emitted 
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Figure 7-50. Electromagnetic Spectrum 
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by a surface depends upon the nature of the 
surface and its temperature. At low tempera- 
tures, the rate is small and of chiefly long 
wavelength. At higher temperatures, the radi- 
ation rate increases rapidly and the relative 
amount of energy at short wavelengths in- 
creases as shown in Figure 7-51. The peak 
radiant energy emitted from the surfaces 
shifts to shorter wavelengths as temperature 
increases. 

A basic concept in infrared is that of a 
black-body. A black-body absorbs all and reflects 
none of the energy falling on it. Peak radiation 
from the black-body at 600°C occurs at 3.3 
microns wavelength (1 micron = 10-4‘ cm). 
If the black-body temperature is raised to 
1000°C, the peak shifts to 2.25 microns and 
the total radiation increases as the fourth 
power of absolute temperature. 
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Figure 7-51. Spectral Distribution of Black 
Body Radiation 


7-6.3.3 Ultraviolet 

The ultraviolet spectrum falls between the 
visible and the soft x-ray spectra, the longest 
wavelength being about 0.3 micron and the 


shortest about 30 angstroms. Only limited data 
is now available on the emission of ultraviolet 
energy by military targets and the usefulness 
of this spectrum has not been fully established. 
Some ground measurements on rocket exhaust 
radiation in the 0.2 to 0.29 micron band exist 
at both short and relatively long range.5°.51 
However, the data is somewhat unsatisfactory 
from an instrumentation standpoint. Targets 
can also be detected in the ultraviolet spectrum 
by negative contrast in daytime at low altitudes 
and fairly short ranges. In negative contrast 
detection, the background is brightly lighted 
and the target appears as a dark spot on the 
background. Ultraviolet detection has advan- 
tages over visible detection for this type of 
silhouette because of the suppression of back- 
ground gradients by atmospheric scattering. 
Best detection occurs when background radia- 
tion is small. For ultraviolet, background radia- 
tion below 0.28 micron is much smaller than 
for visible or infrared systems at low altitudes,®? 
but much worse above 80,000 feet. The scatter- 
ing problem, while it reduces backgrounds, also 
attenuates signals so that only short ranges are 
possible. This same scattering problem has 
severely restricted the use of active systems. 
The principle source of background radiation 
in the ultraviolet spectrum is scattered sun- 
light, but between 0.21 and 030 micron, the 
Hartley bands of ozone strongly absorb this 
solar radiation. This ozone concentration is 
maximum at altitudes above 60,000 feet but 
little data exists at lower altitudes. Data which 
exists shows wide possible variations. Some 
attenuation coefficients for low level horizontal 
paths have been published®® for the 0.22 to 
0.46 micron region. These show smooth vari- 
ations principally in accordance with Rayleigh 
scattering, inversely proportional to A-*. 

Detectors for the ultraviolet region include 
Geiger-Muller counters and photo-multipliers. 
The prime need is for detectors which are solar- 
blind, that is, those which are sensitive only to 
ultraviolet in the ozone absorption band and 
are insensitive to the sunlight background out- 
side this band. Thus one needs a very sharp 
cutoff at 0.29 micron. 


7-6.3.4 Optical 
The band of wavelengths between 0.7 and 
0.4 micron is designated the visible spectrum 
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in accordance with the spectral response of 
the eye. Detection equipment operating in the 
visible region generally uses negative contrast 
or sunlight illuminated targets and thus, are 
primarily useful during daylight hours. Auto- 
matic equipments using the visible spectrum 
are severely limited by background variations 
such as clouds and sky gradients. On the other 
hand, visible systems can be more effective than 
infrared equipments under certain conditions 
as, for example, poorly radiating targets such 
as aircraft viewed head on.**** Night time 
operation is usually restricted to targets of the 
self-radiating type of sufficient temperature to 
give luminosity. 


In spite of the background limitations im- 
posed on visible light systems, they find many 
applications in missile launch tracking, star 
tracking and mapping due to theix high 
resolution. Mapping techniques are probably 
most effective in the visible spectrum because 
maps so obtained bear high correlation with 
that which the eye sees and can, therefore, be 
easily interpreted. 

Typical detectors of visible radiation, aside 
from the eye, are the photoconductors, the 
photo-multipliers, and various camera tubes 
such as the image orthicon, the vidicon and the 
more recent image intensifier orthicon.®°* The 
primary noise limitation on photo-multipliers 


TABLE 7-9. COMPARISON OF VARIOUS SEEKER SYSTEMS 
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1*+ the atmosphere is usually photon noise 
y«-«-¢ 7 ved from sky radiation. Sky radiation on 
2 --:ear day falls off with zenith (angle being 
- .inimum at the zenith) and also decreases 
with altitude. 


There are certain advantages and disadvan- 
tages which accrue to the use of each spectral 
reyion. For example, far better resolution can 
be obtained with optical systems in the infra- 
red, visible and ultraviolet than with the 
longer wavelength radar systems with the same 
antenna or optical aperture. Water vapor which 
seriously degrades infrared performance in 
some spectral regions effects neither radar nor 
visible light systems. Ultraviolet systems which 
seem to offer a great deal of promise in short 
range low altitude applications, are virtually 
useless above 30,000 feet altitude due to absorp- 
tion by ozone. In Table 7-9 the effects of the 

spectrum chosen on seeker performance are 
tabulated for radar, infrared, visible and ultra- 
violet systems. Such a table can indicate only 
the general trends. Nevertheless, the use of 
two or more different spectrums in the same 
seeker is suggested to take avantage of the best 
characteristics of the various spectra. For 
instance, radar which has long range and large 
acquisition angle capability, loses its accuracy 
at short range. Conversely, infrared with its 
narrower field of view retains and may even 
increase its accuracy with decrease in range. 
Furthermore, infrared can be added to a radar 
seeker without large size, weight, or com- 
plexity penalties. The combined infrared-radar 


seeker is often referred to as a dual-mode 
seeker. 


While a dual-mode seeker possesses certain 
advantages, its overall kill probability may be 
limited by the limitations of each mode. For 
instance, the prime considerations of an infra- 
red-radar seeker would be weather and range. 
As mentioned previously, a good weather-short 
range condition calls for infrared guidance; a 
bad weather-long range condition would neces- 
sitate radar guidance. Under adverse weather 
conditions at close range, the accuracy of an 
infrared-radar seeker would be limited to the 


degree of accuracy of the radar mode at close 
range, 


7-7 TERMINAL GUIDANCE SEEKERS 
7-7.1 GENERAL 


While methods for designing the various 
radar seekers discussed previously are covered 
in Chapter 6, the same cannot be said for IR 
seekers. Rather than duplicate that effort in the 
following, pertinent references are given. It 
should be noted also that much of the basic IR 
information presented for seekers is applic- 
able to ground based detection. 


7-7.2 SEEKER FUNCTIONS 


There are two classes of seeker problems as- 
sociated with terminal guidance — acquisition 
and tracking. 

Acquisition marks the beginning of the termi- 
nal guidance phase. In some systems, it occurs 
during pre-launch operations. In such a case, a 
ground radar and computer may be used to de- 
rive commands for training the launcher and 
starting the scanning operation of the seeker. 
When the seeker locks on to the target, the mis- 
sile is launched. It is, then, in terminal guidance 
during its entire flight. 

More generally, consider the missile to be in 
flight, and in a midcourse guidance phase. At 
some point (determined, for example, by a com- 
mand transmitted from the ground, or an in- 
ternal timer) the seeker begins to search for the 
target. When the seeker locks on to the target, 
acquisition is completed and the missile is in its 
terminal guidance phase. 

After lock-on, the seeker becomes the source 
of guidance data for the missile. It must main- 
tain its lock on the target. In doing so, it per- 
forms, essentially, a tracking function. The 
tracking data are the inputs to the missile guid- 
ance system. (See remarks in paragraph 7-6.3 
concerning stabilization.) 


7-7.2.1 Target Acquisition‘? *” 


The factors which affect target acquisition 
are primarily 

(a) scanning technique 

(b) detection technique 

(c) range capabilities of seeker 
The fact that the detection process is probabil- 
istic in nature adds to the complexity of the 
problem. A generally accepted criterion for ac- 
quisition is the range at which the probability of 
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detection and lock-on reach some specified level 
(typically 70 percent to 90 percent). 


SCANNING TECHNIQUE 

Scanning may be viewed as the search mode 
of the seeker. When a platform-mounted an- 
tenna is used, the antenna is swept mechanically 
through a predetermined pattern. With this 
scheme, a narrow beamwidth (desirable for 
tracking after lock-on) may be used to search a 
relatively large volume of space. Two of the 
more common scanning patterns are depicted in 
Figure 7-52. The maximum angular displace- 
ment of the antenna (maximum look angle) 
with such patterns is typically of the order of 
25° to 45°. The time to complete one scan may be 
of the order of 1 to 5 seconds. Area detectors 
such as vidicon or IR vidicon can be scanned 
electronically and, hence, much more rapidly.®® 


© © 


SPIRAL SCAN CIRCULAR SCAN 


Figure 7-52. Possible Scan Patterns 


- 


When the target is detected, the seeker shifts to 
a conical scan (one form of sequential Zob¢ng) 
about the relative target bearing. These scan- 
ning actions are depicted in Figures 7-53 and 
7-54. 

In some systems, the search mode is not used. 
This would be the case when 

(a) the seeker is locked on to the target prior 

to launch 

(b) midcourse guidance errors are small 

enough to permit prepointing of the 
seeker. 
In general, however, it is necessary to investi- 
gate the intercept problem in order to determine 
look-angle requirements consistent with accept- 
able system performance. 

Information of considerable value can be ob- 
tained from idealized geometrical relations.5® To 
illustrate this aproach, consider a system which 
is designed for a collision intercept. Assuming 2 
two-dimensional representation, Figure 7-55 de- 
picts the pertinent quantities involved. 

It is assumed that the missile is on a perfect 
collision course to the target. Hence, 


V;, Sin ¢ = V;, Sin 8 
or, (7-89) 
Sin ¢ = 7 Sin 8 (b) 
Equation 7-89 may be used to plot a family of 
curves relating the three parameters 9, ¢, and r. 


From these, the maximum look angles (plotted 
in Figure 7-56) may be deduced. 
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Figure 7-53. Scanning (Search Mode) 
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“Figure 7-54. Conical Scan (Track Mode) 
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Figure 7-55. Intercept Geometry 


It is also necessary to find the conditions for 
which an intercept is possible. When r>1, an 
intercept is always possible provided the missile 
has sufficient range capability. For r<1, the 
angles © and ¢@ have some influence. From 
equation 7-89, the region where an intercept is 
not possible is defined by 

mes Sin@ srl (7-90) 


If the maximum look angle is allowed to be 90°, 
there results 


Intercept Impossible: 2225, l;r<l 


r 
(7-91) 


This region is shown in Figure 7-57. 


This approach can be used further to develop 
relations involving the rate of closure, and the 
effects of simple target maneuvers. A detailed 
analysis of this problem is given in reference 
58. This approach is useful for determining 
system requirements involving look angle, mid- 
course guidance accuracy, missile range, seeker 
detection range, and missile turning rates. 


In systems which employ body-fixed antennas, 
a scanning technique in the sense depicted in 
Figures 7-52 and 7-53 (search mode) does not 
exist. Such systems depend on wide beamwidths 
to achieve the necessary coverage for reliable 
acquisition. A typical combination monopulse, 
for example, may have an effective beamwidth 
of the order of 45° to 60°. However, the 
problems of look angle, midcourse guidance 
accuracy, etc., are still present. Hence, the 
analysis outlined in this section is still appli- 
cable. 


To complete the analysis, computer simula- 
tions will usually be required. In particular, 
simulations can incorporate the missile response 
characteristics, and probabilistic disturbances, 
into the analysis. 
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Figure 7-56. Maximum Look Angle Required for Successful Intercept 


AIK 


0.1 










{ er heaton \ a AN NYS 


Le, en 
7 Ve a 
ST tt 


Assy 
INTERCEPT POSSIBLE 


02 03 04 05 06 O07 O8 O89 
VELOCITY RATIO r 


Figure 7-57. Region of Possible Intercept 
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DETECTION TECHNIQUE 


The fundamental problem of detection is to 

achieve an acceptable probability of detection in 
the operating environment of the seeker. The 
usual problem is that the signal-to-noise ratio is 
very low at the required detection range. When 
this is the case, it may be possible to enhance 
the probability of detection through the use of 
special data-processing techniques. In addition, 
detection must be accomplished automatically. 
This is usually done by using a threshold device 
during the data processing. 


Because the IR design data has not yet been 
presented, the detection problem will be dis- 
cussed in terms of radar seekers. Similar con- 
siderations apply to IR.°*? (See paragraph 7-7.4.5, 
Infrared Range Equations.) 


One of the primary considerations which 
affects the design of the entire radar seeker 
concerns the notion of coherence. A coherent 
system is one in which the target echo is ref- 
erenced to the transmitted signal in phase and 
frequency. In a non-coherent system, such a 
relationship does not exist. The block diagrams 
in Figure 7-58 illustrate the principles involved. 
Coherence may be obtained by means other than 
that shown in Figure 7-58a. Several alternate 
schemes, applicable to active seekers, are de- 
scribed on pages 635-638 of reference 60. 


For a semi-active seeker, the coherent ref- 
erence signal must be derived via a transmis- 
sion from the ground. Figure 7-59 illustrates 
this principle for a pulsed radar. Figure 7-49 
is a complete block diagram for a coherent CW 
semi-active seeker. 


The principal advantage in using coherent 
systems is that the Doppler principle may be 
used to derive velocity data on the target. By 
using velocity gates to lock on the target, some 
capability is obtained for resolving multiple 
targets. Coherent systems are particularly ad- 
vantageous when the missile must operate in 
a strong clutter environment, such as for low- 
altitude intercepts. Velocity gating and pulse 
comparison techniques can be used to improve 
the discrimination between target echoes and 
clutter returns. 


Doppler devices are discussed further in par- 
agraph 7-6.2.2. The general aspects of MTI 
detection, cancellation ratio and subclutter visi- 


bility, calculation of clutter attenuation and a 
sample calculation for single pulse-to-pulse can- 
cellation are discussed in paragraph 6-3.4.4 of 
Chapter 6. Rain and cloud cover are discussed 
in paragraph 6-5.3.4 of Chapter 6. 


To provide for automatic detection, a thresh- 
old device must be used. Such a device would be 
set to a predetermined bias level. When the in- 
put signal exceeds this bias level (the thresh- 
old), detection is said to occur. In Figures 7-58 
and 7-59 such a threshold device could be used 
to accept the output of the detector. 


Because noise is always present in a radar 
receiver, false detection will occur from time to 
time when noise pulses exceed the threshold. A 
high threshold decreases the probability of such 
a false alarm. However, this also makes target 
detection more difficult. Extensive investiga- 
tions in this problem area have been carried 
out by various researchers. References 61 and 
62 are the outstanding works on this subject. 


When detection is performed on the basis of 
a single pulse, high signal-to-noise ratios are 
required for reliable results. A signal-to-noise 
ratio in the order of 12 to 14 db will usually be 
necessary to achieve a probability of detection 
of about 70 percent. 


A significant improvement over the single- 
pulse detection performance can be obtained 
through the use of integration. In such a scheme, 
successive pulses are added over a period of 
time called the integration time. 


Two common types of integrators are the 
unweighted and exponential integrators. The 
unweighted integrator simply adds pulse am- 
plitudes over the integration time. The expo- 
nential integrator usually takes the form of a 
simple RC filter, and performs averaging as 
well as integration. An exponential integrator 
causes a slight degradation in the range capa- 
bility of a radar, as compared to a perfect 
(unweighted) integrator. As a rough figure of 
merit, range is decreased about 10 percent 
when the exponential integrator is used instead 
of an unweighted integrator. 


Integration may be performed in the r-f, i-f, 
or video stages of a receiver. In all three cases, 
performance is essentially the same. R-f and 
i-f integration are usually used when the sys- 
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Figure 7-58. Radar Section of Typical Active Pulsed-Radar Seekers 


tem is a coherent system. Figure 7-60 illustrates | RANGE CAPABILITY OF SEEKER*:“4 
the integration and detection portion of a typi- In evaluating or designing seekers, it ulti- 
cal coherent pulsed-radar seeker. mately becomes necessary to make computations 
When the threshold device has an output, of detection range. (See paragraph 7-7.4.5 for 
the lock-on phase is initiated. The guidance IR seeker range discussion.) Detection range 
servo-loop is closed, scanning (search mode) is must be computed for a specified probability of 
stopped, and the antenna goes into a conical detection, and a specified false alarm rate. In- 
scan motion. tegration time is a third significant parameter. 
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Figure 7-59. Radar Section of Typical Semi-Active Coherent Pulsed-Radar Seeker 
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Figure 7-60. Integration and Detection Section of a Typical Coherent Pulsed-Radar Seeker 


Seekers in which the transmitted energy must 
pass through a radome suffer an additional de- 
gradation in range performance due to absorp- 
tion by the radome walls. Transmission coeffi- 
cients are very difficult to estimate, and are 
known to change with temperature, and the 
angle of incidence of the radiation. Reference 63 


contains some background information, and in- 
cludes a tabulation of measured transmission 
coefficients. The highest one-way transmission 
coefficient listed is about 0.95 averaged over a 
120°C temperature range. A conservative figure 
for a well-designed radome would be about 0.85. 
Additional transmission data is given in refer- 
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ence 20 (pp. 360, 361) while temperature data 
is given in reference 42 (p. 534) and reference 
10 (p. 302). 


7-7.2.2 Target Tracking‘? 


When target echoes are detected, certain in- 
formation becomes available to the guidance and 
control equipment. In all cases, angle informa- 
tion is necessary. This information is used to: 

(a) position the antenna spin axis so that it 
is aligned with the target (if the seeker 
has a platform-mounted antenna, as op- 
posed to a body-fixed antenna) 
provide steering information for the 
missile flight control equipment — For 
seekers which use _ platform-mounted 
antennas, such information is usually 
obtained from pickoffs, transducers, etc. 
mounted on the platform. Systems using 
body-fixed antennas must employ data- 
processing techniques to recover this 
information. 

In some cases, range and/or range rate may 
also be available. This depends on the type of 
radar systems, and the data processing. This in- 
formation is useful for resolution of multiple 
targets, gain-changing schemes for the guid- 
ance, and warhead detonation. 

The tracking capabilities of a seeker are de- 
termined by its ability to provide accurate angle 
information to the guidance systems. To evalu- 
ate this capability, two figures of merit are 
usually used: 

(a) sensitivity, K, 

(b) filter factor, K, 

Sensitivity is the figure which relates actual 
(physical) angular error to the magnitude of 
the error voltage. Its defining equation is 

A 


(b 


we 


ay ae 
S “@ 


where 


(7-92) 


A = rms error voltage 
S = received signal strength (rms) 
€ = rms angular error 


© — beamwidth 


The output of a radar is usually processed 
through some type of filter. In addition, the 
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servos which position the antenna act like low- 
pass filters. The result is that angle noise (due 
to target scintillation, thermal noise, etc.) is 
reduced by this filtering action. The filter factor 
is a measure of this effect. Its defining equation 
is 


Noise Power Input 





kK? = — (7-93) 
Noise Power out of Filter 
When the signal-to-noise ratio is high Ce.z., 
near the intercept point), equations 7-92 and 
7-938 may be combined by noting that 
A+N A N € N 
= —+—— K, —+ — 1-94 
S+WN S - S e) S ( ) 


where N = input rms noise 


When the antenna servo error is reduced to 
zero, there still remains an angular error e. 
However, the rms noise level is reduced by the 
filter factor, so that equation 7-94 leads to 

N € 1 N 

K, —+ 200 << —— 

oO K,S © K,K, S 

The tracking capabilities of various radars 
may be evaluated, and compared, by means of 
equation 7-95 K, and K, may be computed by 
referring to paragraph 6-5.2 of Chapter 6. 


Error sources associated with the tracking 
problem are discussed in paragraph 6-5.3 of 
Chapter 6. 


In addition to the various errors listed in 
Chapter 6, significant tracking errors can arise 
due to transmission through a radome. Two 
types of error exist: 

(a) static or instantaneous errors cause a 

boresight shift, which results in a false 
angular indication. 








(7-95) 


(b) dynamic errors (error slope) can result 
in a false indicated angular velocity. 


A typical boresight-shift curve is illustrated 
in Figure 7-61. Such curves are almost obtained 
experimentally, from a combined antenna-ra- 
dome configuration. Its value at any point is 
the static error at that point. Its slope is the 
error slope (also called radome rate). 


Radomes used in missiles are particularly 
liable to cause large errors due to their high 
fineness ratio (ratio of length-to-base diameter). 


fh 
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Figure 7-61. Typical Boresight Shift for 
a Combined Antenna-Radome 


Well-designed antenna-radome combinations 
may have errors of 


maxe, — 5 to 8 milliradians (a) 


max k = 0.05 degree/degree (b) (7-96) 


where k = error slope 


le (c) 


da 

The most pronounced boresight errors, and 
their rates, occur in the vicinity of the radome 
nose. Even slight disturbances (e.g., frequency 
shift from design value, radome-antenna mis- 
alignment) can increase the above values by a 
factor of 5 or 10. Reference 64 contains more 
quantitative information on various types of 
radomes. 


Systems which use proportional navigation 
are particularly affected by radome errors. Un- 
less special gain-changing techniques are used, 
the gain of such a system inherently increases 
as the range decreases. A serious radome rate 
error May cause an additional increase in the 
overall gain, and be the cause of attitude 
oscillations. % 1° 


7-7.3 RADAR SEEKERS 


Considerable information on radar seekers 
has been presented in preceding sections. Also 
much of paragraph 6-5 in Chapter 6 is applic- 
able to radar seekers. Thus, the basic methods 
for implementing angle trackers and some as- 
pects of the airborne problem that differ from 
ground trackers will be summarized here. 


7-7.3.1 Conical Scan 


As implied in Figure 7-53, the beam center- 
line repeatedly traces out a cone. The angle 
between the cone axis and the beam centerline 
is the squint angle. The squint angle is usually 
about one beamwidth, or a little less. 

When a non-scintillating target is off-bore- 
sight, the returned signals are modulated at the 
scan frequency. Orthogonal error voltages may 
be derived from this modulation. These are 
used to drive the boresight axis on target, thus 
removing the modulation. 

The most common source of errors arises 
from fading characteristics of the target. These 
cause amplitude modulation which appears as 
an angle error to the seeker, and ultimately 
cause guidance errors. 


Further material is presented in Chapter 6, 
paragraph 6-5.2.1 and references 42 (pp 518, 
519) and 1 (pp 362, 363). 


7-7.3.2 Amplitude Monopulse 


Amplitude monopulse customarily uses four 
antennas, spaced very close to one another. The 
antennas are mounted so that their beams di- 
verge, causing a four-lobe free-space pattern. 


When the target is on-boresight, all four an- 
tennas receive echoes of equal amplitudes. The 
four echoes are not all equal when the target is 
off-boresight. Hence, by comparing the four 
echo amplitudes, the target’s position may be 
determined. 


Amplitude monopulse does not require a physi- 
cal scanning motion, hence fixed antennas may 
be used. Fading is not a problem, since angle 
information is derived from the processing of 
sets of simultaneous echoes. 


Additional information is presented in Chap- 
ter 6, paragraph 6-5.2.2. 


7-7.3.3 Phase Monopulse 


Phase monopulse usually uses four antennas, 
spaced several wavelengths apart. The antennas 
are mounted so that their free-space radiation 
patterns coincide. By comparing the relative 
phases of the echoes received at the four anten- 
nas, the angular position of the target may be 
determined. Phase monopulse systems are also 
called interferometers. 
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Phase monopulse, like amplitude monopulse, 
is not affected by target fading. Also, body-fixed 
antennas may be used. However, ambiguities of 
the indicated target angle exist whenever the 
path lengths from the target to two feeds differs 
by an integral number of wavelengths. 

Phase monopulse is discussed in Chapter 6, 
paragraph 6-5.2.3 and reference 11. 


7-7.3.4 Combination Monopulse 

Combination monopulse uses two antennas, 
spaced several wavelengths apart. The beams 
are made to coincide in azimuth, but are dis- 
placed (squinted) in elevation. Target echoes 
received at the antennas are compared in phase 
to derive azimuth information, and are com- 
pared in amplitude to derive elevation 
information. 

The characteristics of combination monopulse 
are a composite of amplitude and phase mono- 
pulse systems. For additional information refer 
to Chapter 6, paragraph 6-5.2.4. 


7-7.3.5 Additional Aspects of Radar Seekers®*.** 


EFFECT OF MISSILE ROLL® 

Most missiles employ some form of roll con- 
trol. With a platform-mounted antenna, the roll 
motion ordinarily causes no difficulty. With a 
body-fixed antenna, the roll must be controlled 
in order to make accurate scanning and track- 
ing possible. It is also possible to secure scann- 
ing with a fixed antenna by causing the missile 
to roll at a constant rate. However, this makes 
the flight control problem more complex, by re- 
quiring commutation of the control surfaces, 
and because a gyroscopic effect takes place. 


RADOME PROBLEMS 

In addition to absorption and boresight errors, 
the presence of a radome in an active system 
creates problems due to internal reflections. 
Energy may be reflected to undesired directions, 
giving rise to a direct loss of radiated energy. 
Reflections can also create significant sidelobes 
which may collect clutter signals and contribute 
to system noise. In extreme cases, reflections 
may enter the antenna and waveguide, causing 
frequency pulling. This is a phenomenon in 
which the magnetron shifts frequency. The 
frequency shift can be so great as to cause the 
r.f. to fall outside the receiver bandwidth. 
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COMPARISON OF PULSE AND CW SYSTEMS 

A significant difference between these tw 
types of radars occurs when they operate im <z 
clutter environment. CW radars have the in. 
herent capability to reject clutter by using 
velocity gating, i.e., by detecting the Doppler- 
shifted r.f. However, this usually requires a 
forward hemisphere attack in order to effec- 
tively separate the target signal from the clutter. 
A straight pulse system does not have anti-clut- 
ter capability, unless special pulse comparison 
techniques are used. 

In the matter of range performance, there is 
another significant difference in that a CW 
system can operate down to zero range. This is 
not possible with pulsed systems, which must 
have a finite recovery time following transmis- 
sion of a pulse. 

Range information can be obtained in CW 
systems, but with a little added difficulty. FM or 
AM markers are superimposed on the trans- 
mission, and the elapsed echoing time is then de- 
termined. Pulse systems may experience trouble 
with second-time-around echoes. There echoes 
are from very large and distant objects, which 
arrive at the receiver after a second pulse has 
been transmitted. 

The most serious problem with CW seekers 
is spillover. This is a phenomenon where a por- 
tion of the transmitter signal, with the trans- 
mitter tube noise, enters the receiver. Radome 
reflections add to the problem. Poor isolation 
can cause a serious degradation of the maxi- 
mum seeker range. The most effective way to 
overcome this problem is to use a double-dish 
seeker. With careful design, 50 db of isolation 
is possible. 


7-7.4 INFRARED SEEKERS 


A typical infrared seeker is shown in simpli- 
fied schematic form in Figure 7-62. A hemis- 
pherical dome is generally used to protect the 
optical system while not distorting the optical 
image. Target radiation passing through the 
dome is collected by an optical system such as 
the Cassegrain telescope shown. This telescope 
consists of two front surface mirrors to reduce 
light transmission losses. The target is imaged 
on the reticle which is placed at or near the 
focal plane. The reticle modulates the target 
energy and provides an error signal. Spectral 
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Figure 7-62. Typical Infrared Seeker 


filters, which may be either coated on the reticle 
or independent elements, are used to help 
eliminate unwanted radiation such as sunlight 
reflected from clouds. The optical system is 
gimballed to provide up-down and right-left 
motion. Radiation signals are converted to elec- 
trical signals by the photodetector and then 
processed in a conventional way prior to being 
applied to the missile control actuators. Two 
reticles are shown in Figure 7-63. One provides 
an amplitude-modulated error signal, and the 
other a frequency-modulated error signal. In 
either case, the image of the target is focused 
on the reticle as a small blur circle of size com- 
parable to a slit width. Either the reticle can be 
rotated about its center or the image can be 
optically rotated about the reticle center.® 


An understanding of an infrared seeker can 
best be obtained from consideration of the 
amplitude-modulated reticle. The radiation pass- 
ing through the reticle is converted into an elec- 
trical signal by the detector as shown in Figure 
7-64. The target position is specified by a radius 
vector p, and an angle @, relative to the reticle 
The blur circle is so adjusted that it just fills the 
slit near its edge. As the blur circle moves to the 
center of the reticle a portion of blur circle is 
cut off and the amplitude of the pulse train 
generated decreases, finally going to zero at the 
reticle center. The amplitude of the pulse train 
contains p information and the phase of the 
pulse train contains the 6 position of the target 
relative to the 6, reference. The error signal 
frequency spectrum is centered at f, cps corre- 


sponding to N times the rotational rate of the 
reticle (f, cps or rps) with sidebands at +f, cps. 

Typically, a 12-bladed chopper might rotate 
at 60 rps so that the signal is at 720 cps +60 cps. 
The 720 cps center frequency is removed by a 
second detector leaving the 60 cps component. A 
phase sensitive device is then used to determine 
the angle 6 from 60 cps signal. Both angle and 
amplitude information are amplified and de- 
livered to the seeker optics which corrects the 
heading of the optical boresight. 

A typical infrared seeker system is shown in 
block form in Figure 7-65. The target is normally 
viewed against some background which may be 
illuminated by the sun. Target irradiance which 
is the radiant flux density at the seeker’s optics, 
normally decreases inversely with range squared 
but is further attenuated by the atmosphere. 
The optical system and signal modulation has 
been discussed previously. 

The seeker optic must be space stabilized. In 
some seekers, the optic is rotated and is itself a 
gyro. In others, separate stabilization is pro- 
vided. A preamplifier and bandpass amplifier 
follow the detector. After band limiting, the 
signal is demodulated, further filtered and com- 
pared with a phase reference. The position of 
the seeker head is read from a position sensor, 
differentiated and used to control the missile 
aerodynamic surfaces or thrust deflectors. The 
infrared seeker system is extremely simple com- 
pared to most radar systems. Because of this 
simplicity, an infrared seeker is usually ap- 
plicable to terminal guidance problems. Also, 
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Figure 7-63. AM and FM Reticles 
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Figure 7-64. Amplitude Modulation Error Signal 
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Figure 7-65. Typical IR Seeker System, Block Diagram 
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at higher altitudes the atmospheric and back- _ so that serious degradation occurs only on the 
ground problems are alleviated considerably. An nose. 

infrared seeker’s tail chase performance is us- 

ually much better than its nose aspect per- 7:7.4.1 Radiation Laws 

formance on jet or rocket driven targets. In order to effectively design IR seekers 
However, with very high speed targets in the knowledge of the characteristics and limitations 
atmosphere, skin temperatures are high enough of IR radiation is necessary. Inherent to this 


7-77 


knowledge is an understanding of the radia- 
tion laws. The spectral distribution of radiation 
emitted by a heated black-body can be calculated 
from Planck’s Law where W (i, T) is the power 


—__watls __ 
— micron 


(7-97) 


4 

W (a, T) = 140 X 104 3.740 x 10 
1.4385 

whe sd a 


radiated by a black-body per unit wavelength 
interval at wavelength 4 and per unit area at 
temperature T (in degrees K). The total radia- 
tion emitted by the black-body is given by the 
Stefan-Boltzmann Function. 





wat's 





[wa T) di = 5.679 x 10-12 T* 
ei 


The distribution W(A, 7) goes through a 
maximum value at a wavelength A,,. The value 
of 1, is found by differentiating W(A, T) with 
respect to A and equating to zero. The result, 
known as Wien’s Displacement Law, is 


2897 


Am = ss micron (7-99) 


It should be noted that the above equations 
pertain to black-body radiation. The total radia- 
tion from a real body is given by the relation 


watts 





fw (A, J’) dA = 5.679 & 10-!? «74 
a 


where ec is a quantity known as the emissivity. 
Emissivity depends on the nature of the radia- 
tion surface and lies between zero and one. 
Some bodies in nature, such as an opening in a 
cavity, approximate a black-body. A jet tailpipe 
is an example of such an opening. The net radia- 
tion surface and lies between zero and one. 
ated and that received by a body from its sur- 
roundings. If the body is completely surrounded 
by walls of temperature T, the net rate of loss 
or rate of gain of energy by radiation is given 
by 

Wret = 5.679 & 10-2 « (T4 — T,4) (7-101) 


Energy which is not absorbed by a body is re- 
flected. At equilibrium, the rates of absorption 
and emission must be equal. 
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Planck’s law, the Stefan-Boltzmann functio.! 
and the Wien displacement law are presente 
in nomograph form in Figure 7-66. Radiatio1 
values obtained with them must be correctex 
by multiplying them by the emissivity walues 
for the particular object involved. Four of the 
nomograph’s seven scales for temperature con- 
version, degrees Rankine and Kelvin being °F 
+460 and °C +273, respectively. To convert 
from one temperature scale to another, lay a 
straight edge horizontally from the known tem- 
perature on one scale and read its equivalent 
temperature on the desired scale. 


The scale at far left (watts per m?) gives the 
total radiation emitted by a black-body of one 
m? area as a function of its temperature. To find 
total radiation, line up the straight edge hori- 
zontally with the object’s temperature and read 
the watts scale where it intersects the straight 
edge. The two scales at right (wavelength and 
the integral of W with respect to A) relate the 
spectral distribution of the radiation to source 
temperature. To use them, first express source 
temperature in degrees Kelvin. Then align a 
straight edge from the temperature (°K) with 
the wavelength of interest. The intersection of 
the straight edge with the scale at far right gives 
the percentage of energy falling below this 
wavelength. To find the percentage of energy in 
any spectral band, take the difference of the 
percentages obtained for the wavelengths at 
the ends of the spectral band. 


SAMPLE PROBLEM 

To find the energy in the 2 to 3 micron region 
radiated by the tailpipe of a jet engine of 0.5 
meter? area at 600 degrees C. 


First, place a straight edge horizontally at 
600°C and read off total radiation on the scale 
at far left. Assuming an emissivity of one: 


Total W,oo.¢ = (3 X 10' watts/m?) x 0.5 m? 
= 1.5 x 104 watts. 


Converting the 600°C temperature yields 873°K. 
Now draw a line from the 873°K point first 
through the two-micron point and then through 
the three-micron point. On the percentage scale, 
this gives 3.1 and 18.5 respectively. The differ- 
ence between these two values (18.5 and 3.1) 
is 15.4 percent. Thus, 15.4 percent of the energy 
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Figure 7-66. Nomograph for Calculation of IR Radiation 
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ar 


radiated by a 600°C body falls in the 2 to 3- 
micron region. 

Applied to the total radiation, this percentage 
gives: 


1.5 x 10* x 0.154 = 2.31 < 10° watts. 


Thus, the energy radiated by the jet’s tailpipe 
in the 2-to-3-micron region is 2.31 « 10° watts. 
The wavelength at which the radiation peaks 
can then be found by laying the straight edge 
from the K temperature scale to the radiation 
maximum error on the percentage scale. The 
intersection on the wavelength scale gives wave- 
length of peak radiation. For a 600°C source, 
the radiation is a maximum at 3.3 microns. 


The above radiation laws and nomographs are 
given for calculation and reference purposes. 
More detailed descriptions are given in basic 
physics texts.®-69.70 


7-7.4.2 Detectors“® 


Infrared detectors can be separated into two 
major categories, thermal and photon. Thermo- 
sensitive detectors depend on the measurement 
of temperature rise of the sensitive element 
caused by the conversion of infrared energy into 
heat. Photon detectors do not depend on a tem- 
perature change, but on the absorption of pho- 
tons by a semiconductor. In this detector, a 
photon of the proper energy may drive an elec- 
tron from a bound state to the conduction band 
whereupon the electron can be detected by an 
applied electric field. An example of a thermo- 
sensitive detector is the thermistor bolometer 
which depends on high negative thermal coeffi- 
cient of resistance. The thermistor bolometer 
is blackened to extend its spectral sensitivity 
and is mounted on a good thermal conductor 
like quartz to improve its time constant which 
normally is longer than desirable. Since the 
thermal] detector responds to heat change, its 
response is relatively independent of spectral 
distribution. Although photon detectors have 
limited spectral sensitivity, generally their sen- 
sitivity to certain spectral regions is quite high 
and their response time is relatively short. Al- 
though many other materials are used, the most 
popular photon detectors are the photocon- 
ductors lead sulfide, lead selenide, indium anti- 
monide, and gold-doped germanium. 
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Electromagnetic radiation of wavelength (A) 
incident upon a detector, results in an electrical 
signal at the detector output terminals. "his 
signal is a function of the intensity and the 
spectral distribution of radiation illuminating 
the detector and the manner in which the radia- 
tion is modulated. The radiation incident on the 
detector is usually chopped to avoid d-c ampli- 
fication and low frequency noise and to perrmit 
spatial] discrimination. Thus, the electrical sig-- 
nal from the detector is time varying. For most 
photodetectors, the phase relation between the 
electrical signal and the radiation signal is 
independent of the radiation’s wavelength but 
depends on the chopping frequency (f). 

The maximum chopping rate which may be 
employed without signal attenuation is speci- 
fied in terms of the detector’s time constant. In 
most cases, detectors may be characterized by 
a single time constant. The responsivity of the 
detector to monochromatic radiation is defined 
as the response of the detector in volts/watt 
at frequency (f) and is given by 

R,(0) 
V1+ (2x ft)? 
where R,(0) is the detector’s response to steady 
illumination and t+ is the detector’s time con- 
stant. The rms voltage signal from the detector, 
V.(f), due to monochromatic radiation signal 
is 


Ri(f) = (7-102) 


f, 2 
o| RA) Pf) | af 


(7-103) 


where (f, —f;) is the frequency bandwidth of 
measurement. The detector is characterized by 
a noise energy density spectrum, V,(f), gen- 
erated within the detector itself or by back- 
ground noise. The rms noise voltage is 
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v.(f) | df (7-104) 
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and the rms signal-to-rms noise ratio is given by 
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(7-105) 





For a sinusoidal variation in incident radiation 
at frequency f,, the above equation reduces to 


S R, (fo) - Ps (fo) 


in iP 2 
/ f. | V.Cf) | af 


A most important parameter in specifying de- 
tector performance is the noise equivalent power 
(NEP). The NEP, measured in watts, is defined 
as the rms radiant energy incident upon the 
detector which will give a signal-to-noise ratio 
of unity. NEP is also referred to as minimum 
detectable power. For a sinusoidal chopping of 
radiation at wavelength (A) 


(7-106) 
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Thus, detectors are specified in terms of their 
responsivity to monochromatic radiation and 
by their noise power spectrum. In some cases, 
the detector’s NEP due to black-body radiation 
is used instead of its monochromatic value. The 
inverse of NEP is also used and is referred to as 
detectivity.“ The noise spectrums of detectors 
are, in general, quite complicated, but usually 
one or two types of noise are dominant. Most 
detectors exhibit a 1/f low frequency noise spec- 
trum and a resistor or Johnson noise spectrum 
which is uniform over all frequencies. The 1I/f 
noise spectrum usually drops below Johnson 
noise at between 1 and 10 kc. The responsivity 
of a long and a short time constant detector 


NEP (i, fo) = ee 
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and a typical noise spectrum is plotted as a func- 
tion of frequency in Figure 7-67. The detectivity 
for both cases is also plotted in Figure 7-68. 
In the case of a long time constant detector, it 
is seen that the detectivity reaches a maximum 


frequency of — cps where + is the detector 
Nt 


time constant and, for a short time constant 
detector it reaches a maximum where 1/f noise 
drops below Johnson noise and remains con- 
stant until it falls off beyond the frequency 
corresponding to the time constant. 


In the case of photoconductors detector sen- 
sitivity and long wavelength limit may be in- 
creased by cooling. Time constant also increases 
with cooling such that the product of sensitivity 
and time constant remain about constant. This 
effect may be serious with long time constant 
detectors such as lead sulfide. Few photocon- 
ductors with response beyond 4 to 5 microns 
show appreciable sensitivity unless they are 
cooled to about liquid nitrogen temperatures. 
The reason is fundamental: long wavelength 
photons possess energy of the same order as 
thermal crystal lattice vibrations so that lattice 
vibrations themselves are sufficient to drive 
electrons from the bound to the conduction band. 
As one desires longer and longer wavelength 
response, the degree of cooling must be in- 
creased. Cooling beyond a certain point how- 
ever, does not always increase sensitivity, be- 
cause the detector, when ccoled, increases its 
sensitivity to background radiation.7*? Another 
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Figure 7-67. Responsivity and Noise Energy Density for a Long and a Short 
Time Constant Detector 
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Figure 7-68. Detectivity for Two Detectors of Figure 7-67 


phenomenon which occurs upon cooling, is that 
detector impedance increases. An increase in 
impedance of an order of magnitude upon cool- 
ing from room temperature to liquid nitrogen 
is not unusual. Since many detectors normally 
have a one-megohm impedance uncooled, the 
increase makes load impedance matching quite 
difficult. NEP, for a given detector, is a func- 
tion of its area and the bandwidth of measure- 
ment. For most photoconductors, noise energy 
density varies with the square root of area and 
bandwidth. For purposes of comparing detec- 
tors, it would be desirable to normalize to unit 
area and bandwidth. It has been suggested that 
the following method™*."* be used. 
NEP (A, f) measured 
(A A f)*% 

where A is the cell area and Af is the bandwidth 
of measurement. Formerly, when only the PbS 
detector was of military significance, it was 
standard practice to use Jones ‘‘S” which is 
particularly appropriate for this detector. Jones 
“S”’ is defined as 


NEP (i, f) measured 
A* (1, f./f:]* 
For small bandwidth of measurement 


NEP (i, f) measured Fea VY 
A% Af 


NEP (i, f) = (7-108) 


So = (7-109) 


ey”? _— 
(7-110) 
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This particular equation assumes that the de- 
tector is limited by 1/f noise. This is usually not 
the case beyond a few kilocycles for most de- 
tectors. Even so, data is often given in terms 
of Jones “S” even where it is not applicable. 
Such data can be used where noise is 1/f but not 
beyond the frequency at which the 1/f noise 
energy density drops below Johnson noise. The 
NEP for a group of lead sulfide detectors is 
shown in Figure 7-69. The variation in sensi- 
tivity and cutoff wavelength is plotted for dif- 
ferent detector temperatures. Note that even 
with the same temperature, cell sensitivities and 
cutoff wavelengths can be varied in production. 
NEP for other detectors is shown in Figures 
7-70 and 7-71. A more complete set of curves 
can be found in Reference 75. Time constants 
for typical detectors are tabulated in Table 
7-10. 


7-7.4.3 Atmospheric Transmission 


In the design of infrared equipment, atmos- 
pheric transmission is one of the most variable 
parameters. It is predictable to a certain extent 
for given weather conditions, but the weather 
itself is the unpredictable element. Neverthe- 
less, certain predictions must be made for sys- 
tems design purposes; consequently, it is ne- 
cessary to assume an average weather condi- 
tion and work from this reference. 
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Figure 7-69. NEP Versus Spectral Response for PbS Detector 
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Figure 7-70. NEP Versus Wavelength of Various Detectors 
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Figure 7-71. Jones “S” Versus Wavelength for PbS Detectors 
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TABLE 7-10. DETECTOR TIME CONSTANTS 


Detector 








Thermal Detectors 
Thermocouple 


Metal Bolometer 













Thermistor Bolometer 





Golay Cell 








Superconductive Bolometer 


Photoconducti ve Detector 












Lead Sulfide 









Lead Selenide 






Lead Telluride 










Germanium 

Au-doped P Type 
Au-doped N Type 
Zn-doped 
Indium Antimonide 


(diffused Junction) 


Atmospheric absorption of infrared is due 
principally to molecular absorption, from water 
vapor and carbon and clouds, and absorption 
by solid particles such as dust and haze. For 
most applications in clear weather, only molecu- 
lar absorption is important. In essence, the at- 
mosphere acts like a window in certain spectral 
regions and is opaque to energy in other spec- 
tral regions. The atmosphere is relatively trans- 
parent between 2 and 2.6, 2.9 to 4.1, 4.4 to 4.9, 
and 8 to 13, and relatively opaque in the ex- 
cluded regions. However, the degree of trans- 
mission is a strong function of CO. and H.O 
concentration in the air. H.O, in particular, va- 







Time Constant 


Detector Temperature 
(Seconds) 


(°k) 


0.25x107° 


3x1072 


0.3x10°° 


6 3 


50x10 to 10. 


20x107° 6 


6 


to 50x10 
20x10 


ries by large amounts with ambient temperature 
and altitude. 

With the aid of Figures 7-72 and 7-73, the 
molecular absorption of radiant energy can be 
calculated. Figure 7-72 assumes the ARDC 
model atmosphere with the top of the tropo- 
sphere at 11 km altitude. The CO. content was 
assumed to be constant at all altitudes and equal 
of 0.032 percent by volume. The water vapor 
was assumed to have a constant relative hu- 
midity in the troposphere and a constant mix- 
ing ratio in the stratosphere. The optical thick- 
ness of the gasses was corrected for linear pres- 
sure, thicknesses, broadening, and square root 
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Figure 7-72. Transmission Versus Wavelength for HzO and CO, 


temperature broadening. A flat earth was as- 
sumed. With these assumptions, the following 
procedure can be used to calculate atmospheric 
transmission. 


Let: 
d =equivalent sea level path length, km 
for CO, in infrared beam 
d, =horizontal equivalent sea level path 
length, km for CO, for one km actual 
path length 


d, = equivalent sea level path length, km 
for CO, in a vertical path from h to oo 


h, = observer altitude, km 
h, = target altitude, km 

h sz=altitude, km 

R <=range, km 


R.H. = relative humidity (Take R.H. value of 
0.80 if not given in a specific problem) 


T, = transmission of atmosphere 
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Tx.0 = transmission through water vapor in 


atmosphere 

Ico, = transmission through CO, in atmo- 
sphere 

W =precipitable centimeters water vapor 
in infrared path, corrected to STP 

W, = precipitable centimeters in a horizon- 
tal path 1 km in length, corrected to 
STP 

W., = precipitable centimeters in a vertical 
path from h to o, corrected to STP 

A = wavelength, microns 

(a) Tofindd 

(1) Ifh,=h, 
Read d, in Figure 7-71 
d=da,x<R 


(2) fh Ah 


Read d,, in Figure 7-73 for both h, and 
h, 


d =EQUIVALENT KM COo9 AT 
SEA LEVEL 
W*PRECIPITABLE CM H20 


AT SEA LEVEL 


(A) 


WAVE LENGTH 





Figure 7-73. Wavelength Versus Altitude for HzO and CO, 


__ (d, for h,) — (d, for h,) 
7 h, — h, 


d xR 


(b) To find W 
(1) Ifh,=h, 
Read W, in Figure 7-73 
W-—R.H.XxW,XxR 
(2) IfhAh 
Read W, in Figure 7-73 
W — RH. (W, for h,) — (W, for h,) 
ho — hr 
(c) To find Tco, 


The dashed curve in Figure 7-72 gives 
the transmission of carbon dioxide ver- 
sus wavelength for d = 10 km. For any 


(d) 


other value of d, merely displace the 
curves vertically by the distance between 
the value of d on the “Optical Thickness” 
scale on the right hand side of Figure 
7-72 and the value 10 on the same scale. 
Thus, for d = 30 km, Tco, = 64 percent 
for a wavelength of 4.9 microns. 

To find T H,0 


The solid curve of Figure 7-72 gives the 
transmission of water vapor versus 
wavelength for W = 1 cm precipitable 
H.O. For any other value of W, merely 
displace the curve vertically by the dist- 
ance between the value of W on the 
“Optical Thickness” scale and the value 
one on the same scale. Thus, for W — 0.2 
cm., Ty,0 = 61 percent for a wavelength 
of 4.9 microns. 
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(e) To find T, 
T 4=T co. X Ty,0, all the same wavelength 


Thus, in our previous example 
T. = 0.64 x 0.61 = 0.391 = 39% 


7-7.4.4 Spectral and Spatial Discrimination 


A target, to be observed in the presence of 
background: must first be distinguished from the 
background. The primary difference between 
target and background is its spectral distribu- 
tion of energy and its size. Background prob- 
lems usually arise from sunlight reflected from 
clouds and other objects, and from radiation 
absorbed and reradiated from the atmosphere. 
Reflected sunlight approximates black-body ra- 
diation from the sun and is most serious in the 
1- to 4-micron region. (See Figure 7-72.) Re- 
radiated energy usually appears like 300°K ra- 
diation which peaks at 10 microns but has ap- 
preciable energy in the 5- to 25-micron region. 
Solar radiation is partially eliminated by a spec- 
tral filter which cuts off wavelengths shorter 
than two microns and the 300°K radiation is 
partially removed by proper choice of a detec- 
tor with appropriate long wavelength cutoff. 
However, some radiation components in the 
spectral region of the target still remain. 

A uniformly lighted background is not usually 
troublesome; its main effect is to raise the d-c 
level of the detector. Large extended back- 
ground objects do not present excessive difficul- 
ties either. The major problems are experienced 
when viewing small objects like small fleecy 
clouds, fine grain sky variations, and sharp dis- 
continuities, such as cloud edges. 

From the preceding discussion, it can be in- 
ferred that sky gradients possess coarse and 
fine structure and could be described as having 
a frequency or wavelength in space attached to 
them.** Coarse objects such as large diffuse 
clouds would correspond to a low space fre- 
quency and fine grain objects, such as small 
fleecy clouds, have short wavelength and a high 
frequency structure. Targets which are essen- 
tially point sources are of high space frequency. 
This phenomenon can be utilized by using a 
reticle with small slit widths and a checkerboard 
appearance as shown in Figure 7-74. With this 
form of reticle, a large object covers many of the 
checkers and is not efficiently chopped while a 
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small object is alternately passed and obscu rec 
by every checker and gives rise to a large a-c 
variation in the electrical output of the de- 
tector. This is known as spatial discrimination. 
In practice, it is usual to adjust the slit width 
so that it is about equal to the blur circleon the 
focal plane which represents a typical target- 
As has been discussed, some sky radiation 1S 

generally observed in the target’s spectral re- 
gion primarily from reflection of solar radiation 
and from emitted radiation from objects at am- 
bient temperatures. By measuring the intensity 
of the reflected solar radiation in one spectral 
region, between one and two microns, for ex- 
ample, one can predict the amount in the tar- 
get’s spectral region which might be concen- 
trated in the 2- to 3.5-micron region. Thus, a 
cancellation scheme such as a two-color reticle 
can be devised. Note that atmospheric transmis- 
sion variations can cause such a system to lose 
some effectiveness. Furthermore, the spectral 
properties of background in two different spec- 
tral regions are not necessarily related to their 
spatial properties. To be effective, spectral and 
spatial properties must be correlated if an effi- 
cient cancellation is to be obtained. Unless pre- 
cautions are taken, a lack of correlation can be 
further aggravated by the reticle if a two-fre- 
quency, two-color reticle is used. The two-fre- 
quency reticle divides the reticle through a di- 
ameter and uses different slit widths in each 
half; thus, each half has different spatial filter- 
ing characteristics. One half of the slits pass 
radiation in one spectral region and the other 
half in another spectral region. 

In some systems, chopping is accomplished by 
rotating the reticle and leaving the field sta- 
tionary. In others, the reticle is held stationary 
and the view is rotated. Rotation of the field of 
view usually accentuates background problems 
since the background to the system is continu- 
ally changing. Consequently, rotation of the 
field of view should be avoided if possible. 

In the detection of jet tailpipes, the PbS de- 
tector is by far the most desirable from a target 
radiation-detector sensitivity viewpoint. Also, 
it can operate uncooled. However, the PbS de- 
tector also sees most solar reflections and if 
particularly difficult solar background problems 
are anticipated, it might pay to utilize the less 
sensitive 3- to 5-micron detectors which are 





Figure 7-74. Amplitude Modulation Reticle, Checkerboarded for Spatial Discrimination 


least affected by either solar reflection or by re- 
radiation. 


The background problem is the most difficult 
to solve. It is a noise which can be filtered out 
by appropriate reticle filters and some elec- 
tronic techniques, but it cannot be solved by 
simply increasing optical aperture to increase 
the signal. In fact, background noise increases 
with aperture size. 


7-7.4.5 infrared Range Equations 


As in radar systems, the range at which a 
target can be detected by an infrared system is 
statistical in nature and many of the statistical 
quantities involved cannot be stated except in a 
qualitative way. Nevertheless, it is often nec- 


essary to obtain a range capability estimate 
rather quickly for system design purposes. 
Range equations for these purposes generally 
neglect all but the most important first order 
effects and further, consider only system noise 
limitations. In reality, infrared systems are gen- 
erally more vulnerable to sky noise than most 
radar systems and consequently, the infrared 
range equation is less indicative of expected 
range than might be expected. With these re- 
strictions noted, the infrared range equation 
may be written as 


Kin (40[ a [EPS ) \% 


(7-111) 
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where 
A, = effective optical aperture (cm7) 
T (A) = target irradiance at the optical 
watts 
aperture 





BL 
on 


T, (A, R) = atmospheric transmittance at 
range RF and wavelength A 


T, (A) = optical and reticle transmittance 


at wavelength A 


NEP (A) = noise equivalent power of the de- 
tector at wavelength A, (watts) 


= signal-to-noise ratio required to 
give reliable false alarm and de- 
tection performance 


S/N 


Most of the terms in the range equation are 
functions of spectral wavelength. The proce- 
dure is to plot or tabulate the various terms as 
a function of wavelength, do the required mul- 
tiplications, and then integrate. Since atmos- 
pheric transmittance is a function of range, an 
estimate must be made of the value of range 
with which to begin. Using this range value, 
atmosphere attenuation can be obtained and 
Rmax Calculated. With the value of R,,,x, the es- 
timate originally chosen can be revised and the 
integration reiterated until a satisfactory an- 
swer is obtained. 

In some cases, it is desired to place specific 
system properties such as detector area and op- 
tical parameters into the range equation. For 
example, the optical system in Figure 7-75, 
which is often used in trackers, may be included 
in this range equation as follows: 


Beith 


oe 





Rows = [Ae(— 


J(A) T. (A, &) T, _ayeiy 
NEP (i, f) (S/N 


where A, is the detector area, F. is the focal 
length of the field lens and w is the insta nene-Ve 
ous field of view. For a search system, the de- .- 

tector area optical parameter relationships are . 

usually different. For the case shown in Figure - ‘ 
7-76, the detector area, field of view, and the ., 
optical aperture and focal length are related 


as follows: 


- 


(7-112 ae 


rer 


a eet 





A, = D? F*w (7-113) = 
where D is the diameter of the optics and F’ is : 
the focal length. In this case, the range equation ~ 
takes the form . 
| et = 

nm Ag PoS’ if S T, CG, R) T, (A)d |" 
4 Fe NEP (A, f) (S/N) : 
(7-114) : 

, COLLECTOR t 


Fs f/0 


Figure 7-76. Optical System for Search 


do DETECTOR 


Figure 7-75. Optical System for Tracking 


7-90 








p+ s+ tous 


1» ther parameters can be entered into the range 
=< uation and additional factors included. How- 
@2wer, it is inadvisable to over-complicate the 
wre=zange equation during the initial part of the 
<3 esign, but rather, to refine the equation as the 
final design evolves. 


@ -7.4.6 Optical Materials 


In addition to transmitting infrared radiation, 

aan optical material must be optically and me- 
ehanically suitable and low in cost. It should 
be hard but machinable, nonsoluble in water, 
and able to withstand thermal shock and rough 
handling. It should also be available in reason- 
ably large pieces. The desirable properties vary 
with the application. For missile seeker domes, 
a hard material is required which withstands 
thermal shock and buffeting by particles. The 
material must have a low coefficient of expan- 
sion so that it will remain attached to the missile 
and must have a low index of refraction to keep 
optical distortion low. If used for missile appli- 
cation in volume production, its cost should be 
low even after fabrication into a dome. Some 
materials scatter incident radiation and others 
are bi-refringent, i.e., have different refraction 
indices in different directions. If material is pro- 
tected, pertinent specifications may be less strin- 
gent. A soft material may be tolerated. How- 
ever, in strong optical elements such as lenses, 
there is more concern with optical quality and 
machinability. A high index of refraction is de- 
sirable for refracting elements to keep required 
curvatures small. 

Spectral transmissibility is not by itself a 
sufficient basis for material selection. Many of 
the common optical materials and some of their 
parameters are tabulated in Table 7-11. 


7-8 GUIDANCE STUDIES 
7-8.1 GENERAL 


As indicated in the introduction, initial 
studies generally involve an examination of the 
basic relative merits of several guidance sys- 
tems. This examination usually is accomplished 
with quite simple models obtained from gross 
approximations. These include the use of simple 
dynamics and control models as well as kine- 
matics, and provide the basic requirements of 
primary sensors and controllers. 


After reducing the number of approaches, 
considerable work of a preliminary nature re- 
mains, but it is characterized by more clearly 
defined objectives, requirements, and con- 
straints. The translation of these into subsys- 
tem concepts generally amounts to properly 
choosing contro] parameters or designing com- 
pensation networks for the relatively fixed ele- 
ments in the primary guidance loop. 


7-8.2 SYNTHESIS 


Those subsystems that may reasonably be 
described or approximated by linear, constant 
coefficient, ordinary differential equations may 
be subjected to several synthesis techniques that 
have been developed.**78 Generally all of the 
elements of the primary guidance loop, except 
the kinematics, may be treated in this way. 


Usually, the kinematics relations are non- 
linear and even when linearized they generally 
contain coefficients that depend explicitly on 
time. This fact severely limits the usefulness of 
standard synthesis techniques in connection with 
the primary guidance loop. However, progress 
in the theory of these areas has been made and 
fundamental results are available.5.1*-14.79-8- 


7-8.3 BANDWIDTH 


The kinematics relations developed in para- 
graph 7-2 make a precise discussion of the 
bandwidth of the primary loop difficult. With 
linearized kinematics, one might qualitatively 
state that the primary loop bandwidth depends 
on time. However, the material of paragraph 
7-2 is useful for obtaining approximate spec- 
tral characteristics of the intercept intelli- 
gence which must be utilized by the primary 
sensors and flight control. In the material be- 
low it is the bandwidth of these elements that 
is referred to as guidance loop bandwidth. 


The maneuverability necessary in a surface- 
to-air missile is determined by the speed of 
the target, the closure rate, and the angle be- 
tween the flight paths of target and missile 
during closure. Also of great significance is 
the missile guidance philosophy (whether the 
missile flies toward the target or toward a pre- 
dicted collision point) and the rate of change 
of either the magnitude or direction of the 
target flight path vector. The turning rate 
frequency spectrum was discussed for several 
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guidance philosophies and is of particular in- 
terest here since it influences the guidance loop 
bandwidth. Specifically, the guidance loop must 
Pass all significant frequency components of 
the turning rate spectrum or the desired mis- 
sile flight path will not be effected. 


In practice, competing functions and physi- 
cal limitations impose restraints on guidance 
loop bandwidth in such a manner that an opti- 
mum implementation does not exist for all 
operating conditions. 


Unavoidable noise inputs, for instance, indi- 
cate that a narrow band system is desirable. 
In addition to this, various guidance loop ele- 
ments may act to limit bandwidth. 


Rate gyros are made with a frequency re- 
sponse flat to 100-180 radians/second. This 
value is for a maximum dynamic range of 50°/ 
second. If the dynamic range of the gyro is 
changed by changing the gradient of the re- 
straining spring, the frequency response goes 
up or down with the range in proportion to the 
square root of the change. 


Linear accelerometers are built with a fre- 
quency response of 40 to 60 radians/second for 
a unit with a +14 g range. The frequency re- 
sponse varies with change of maximum range 
in the same manner as rate gyros. 


The frequency response of actuators may 
vary widely depending on the requirements in 
the individual case. If little power is required, 
an actuator with a single time constant as 
small as 1/50 second is possible. With high 
hinge moments and low power available, the 
time constant may increase to 1/10 second or 
more. If dual actuators are used, the actuator 
will have two time constants or a transfer 
function as previously used consisting of a 
time constant and an under-damped quadratic. 
(The time responses given here are with a 
closed loop around the actuator and amplifier.) 


It must be remembered that these time con- 
stants refer to the actuator when operating on 
small command signals that do not saturate the 
actuator system. The usual actuator has a 
maximum velocity such that the time neces- 
sary for full control deflection may be any- 
where from 1/10 second to 1 second. If com- 
mands call for relatively small deflections, the 
frequency response is flat to 10 to 50 radians/ 


second. For full deflection commands the fre- 
quency response drops to the 1 to 10 radians 
per second range. 

The control system, in order to properly 
damp out the short period oscillatory mode 
must have a frequency response of at least the 
oscillatory range. The short period frequency 
may be as high as 20 radians/second. 


With the correct feedback, the frequency 
response of the airframe as a rigid body can be 
made to approach the frequency response of 
the autopilot, or more specifically, the actuat- 
ors. This response, (in some cases approaching 
50 radians/second or more as actuators im- 
prove) is the source of other complications. It 
is above the frequency of bending modes of the 
airframe as a non-rigid body. The possibility 
of the actuator oscillating at an airframe bend- 
ing frequency makes excitation of the bending 
mode possible. 

If bending mode excitation occurs as a result 
of control deflection of tail surfaces, the air- 
frame is, for practical purposes, a free-free 
beam having a sinusoidal force applied at one 
end. The result is shown in Figure 7-77. The 
cosine curves represent the center line deflec- 
tion of the airframe for the fundamental and 
the second harmonic mode; a and Db represent 
the mode or points of no deflection. 

If these modes are excited by the control 
system, the excitation can be minimized by 
proper placement of the sensors. Linear accel- 
erometers should be placed at the nodes where 
there is no linear deflection and rate gyros 


_ placed at the antinodes where linear motion is 


maximum but rotational motion is absent. Fig- 
ure 7-77 shows the simplest form of bending 
mode deflection. Other frequencies and location 
of modes are possible if the surfaces are not at 
the end, as is true in the case of canard control 
surfaces. Also, the excitation of bending modes 
can result from aerodynamic forces, especially 
in the case of winged airframe. In this case, 
the bending mode can be damped by placing a 
sensor where the bending mode vibration 
causes a signal. This signal can be fed into the 
control system in the proper polarity to cause 
the control forces to oppose the oscillations. In 
many cases, however, it is considered best to cut 
the control system frequency response to a figure 
below bending mode frequencies. 


7-93 





Figure 7-77. Airframe Bending Mode Excitation 


If it is not possible to reduce the frequency 
response, the proper placement of sensors, and 
in severe cases, the inclusion of a notch filter 
in the feedback loop becomes necessary. The 
notch filter is a band stop filter at the resonant 
frequency. This solution is used when two or 
more frequencies are present. 


It is significant that the control system fre- 
quency response necessary for short period 
stabilization generally covers a broader band 
than that needed for guidance purposes. 


7-8.4 PRIMARY LOOP SYNTHESIS 


The difficulties imposed by the nature of the 
kinematics generally leads to compensation 
synthesis for the primary loop by computer 
study or by the use of results from existing 
performance analyses.?"!8 Since the particulars 
of this approach are identical with those for 
evaluating the performance of a given system, 
paragraph 7-8.5 is applicable to this problem. 
While such a trial and error design procedure 
may seem primitive, it should not be forgotten 
that most of the linear models employed are 
approximations and the effects of nonlineari- 
ties such as deadband or saturation always 
raises a question regarding the extent of use- 
fulness of results from strictly linear models. 


7-8.5 PERFORMANCE EVALUATION 


In order to state whether or not a specific 
guidance and control system provides adequate 
performance, some quantitative measure of the 
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performance must be obtained and compared 
with a standard. 


7-8.5.1 Criteria 


Almost universally, miss distance is employed 
as the primary measure. Regardless of the 
complexity of the system or the detail of the 
model employed, suitable definitions of the miss 
distance can be made. 


Additional criteria are also employed. The 
nature of these depend on the specific problem 
at hand. Warheads that do not have omnidirec- 
tional destructive capability, for instance, re- 
quire that a more complete characterization of 
the miss than is provided by miss distance be 
investigated. Secondary performance criteria 
include maximum SAM maneuver and control 
energy needed to accomplish an intercept. Fig- 
ures 7-14 and 7-15 indicated this for a simple 
model. 


7-8.5.2 Simulation 
The problem of determining the performance 
measures described above has received con- 
siderable attention. Although some analytical 
results are available?-'8 the most flexible ap- 
proach appears to be offered by simulation. This 
conclusion results from the following observa- 
tions about the environment of the preliminary 
design phase: 
(a) Neither the standard for comparison nor 
control parameters have been firmly 
established. This requires that results be 


obtained for a range of values of (per- 
haps) several parameters. 

(b) Initial errors and target motion can not 
be predicted exactly for use in evalua- 
tion. Additionally, various disturbances 
which can only be described statistically 
affect interceptor motion and result in 
performance measures that can only be 
described statistically. Thus, rather than 
using simply miss distance, the random 
nature of the miss distance is recognized 
by utilizing rms miss distance. 

(c) Analytical results are available for pre- 
dicting the rms miss distance for a wide 
range of linear models. This is not the 
case, however, for the secondary meas- 
ures. Additionally, if effects of non- 
linearities are to be studied, no general 
analytical approach is available. 


LINEAR MODELS 


In order to linearize the kinematics one 
usually studies perturbations about a nominal 
course. aS indicated in paragraph 7-2.7. Miss 
distance is then approximately given by the 
distance between the perturbed target and inter- 
ceptor positions at t = T,. Secondary measures 
can also be described in terms of the perturbed 
motions. 


For these models the rms miss distance is 
conveniently obtained by the adjoint method.®*-86 
Analytical results are also available but the 
simulation approach is more flexible and less 
demanding if one is designing by evaluating 
several systems. 

Figure 7-78 illustrates the processing of 
adjoint system responses to obtain kill probabili- 
ty when it is adequately described as a function 
of only miss distance. 


In case terminal guidance is initiated after a 
midcourse phase, additional contributions to 
miss distance will result. These are generally 
quite small if sufficient homing time is available. 

If miss distance is not sufficient to describe 
kill probability, the last two operations in 
Figure 7-78 are not performed and only the 
mean and variance are extracted for use in the 
more complete functional relationship for kill 
probability. 

In early design studies it is desirable to 
plot the individual contributions to the miss 
distance separately since subsequent calcula- 
tions involving different relative magnitudes 
of the forcing functions can then be made 
independently. 


NONLINEAR MODELS®S.°7-9° 


For nonlinear models it is generally necessary 
to generate the appropriate inputs and apply 
them to a simulator. The quantities needed to 
determine kill probability may then be measured 
as outputs of the simulation. If the inputs are 
stochastic, the measurements obtained will also 
be. Generally, kill probability studies require 
information at the instant of fuzing only so that 
complete time histories need not be generated 
but some of the secondary criteria may require 
a complete time history. 


In such situations, provision is made for 
cycling the simulation. This provides a col- 
lection of measurements which are then sub- 
jected to statistical analysis to obtain esti- 
mates of the required distribution function 
parameters. 

The question of accuracy of estimates and the 
number of samples that must be obtained is 
usually raised in the above procedure. These 
matters are treated in references 85, and 87-90. 


7-95 





UNIT IMPULSE 


ADJOINT SYSTEM 


MISS DISTANCE DUE TO 





UNIT IMPULSE UNIT IMPULSE IN UNIT LAUNCHING UNIT TARGET 
IN LINE OF SIGHT ANGLE TARGET POSITION ERROR ACCELERATION 
INTEGRATE INTEGRATE 
SCALE 
®@ @ (>) <— FACTORS —( ) 


MEAN SQUARE MISS DUE TO 


AMPLITUDE ANGULAR NORMALLY NORMALLY 
SCINTILLATION SCINTILLATION DISTRIBUTED DISTRIBUTED 
AND CROSS- LAUNCHING TARGET ACCELERATION 
TALK ERROR & INTERNAL DRIFT 


| 


TOTAL MEAN SQUARE MISS 


SQUARE 
ROOT 


RMS MISS 


EQUIVALENT SIZE OF TARGET | FUNCTION MEAN MISS DUE TO GRAVITY 
GENERATOR 





PROBABILITY OF KILL 


TIME-TO-GO AT LAUNCH PLOTTING 


TABLE 
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